Fluid-mobile Trace Element Variability of Serpentinites and Entrained Crustal Rocks across the Mariana Forearc System by Johnston, Raymond M.
University of South Florida 
Scholar Commons 
Graduate Theses and Dissertations Graduate School 
August 2019 
Fluid-mobile Trace Element Variability of Serpentinites and 
Entrained Crustal Rocks across the Mariana Forearc System 
Raymond M. Johnston 
University of South Florida 
Follow this and additional works at: https://scholarcommons.usf.edu/etd 
 Part of the Geochemistry Commons, and the Geology Commons 
Scholar Commons Citation 
Johnston, Raymond M., "Fluid-mobile Trace Element Variability of Serpentinites and Entrained Crustal 
Rocks across the Mariana Forearc System" (2019). Graduate Theses and Dissertations. 
https://scholarcommons.usf.edu/etd/8037 
This Thesis is brought to you for free and open access by the Graduate School at Scholar Commons. It has been 
accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Scholar Commons. 
For more information, please contact scholarcommons@usf.edu. 
 
 
 
 
Fluid-mobile Trace Element Variability of Serpentinites and 
Entrained Crustal Rocks across the Mariana Forearc System 
 
 
by 
 
 
Raymond M. Johnston 
 
 
 
A thesis submitted in partial fulfillment 
of the requirements for the degree of 
Master of Science 
Department of Geology 
College of Arts and Sciences 
University of South Florida 
 
 
Major Professor: Jeffrey Ryan, Ph.D. 
Zachary Atlas, Ph.D. 
Aurelie Germa, Ph.D. 
 
 
Date of Approval: 
July 08, 2019 
 
 
Keywords: Subduction, mass spectrometry, ultramafic, fluid-rock partition coefficient, 
International Ocean Discovery Program 
 
Copyright © 2019, Raymond M. Johnston 
 
 
 
 
 
Dedication 
 
I would like to dedicate this work to my family who imparted a love of knowledge and a 
drive to succeed. I would like to thank the faculty and staff at the University of South Florida  
that helped me attain my educational goals and the faculty and staff of USF Saint Petersburg 
College of Marine Sciences for the guidance and access to facilities. My gratitude to the science 
team and staff of the International Ocean Discovery Program and Texas A&M University who 
gave me the opportunity to discover amazing scientific breakthroughs. And thanks to Dyson for 
proofreading and support. 
 
 
 
 
 
Acknowledgements 
 
I would like to thank Dr. Jeffrey Ryan, Dr. Zachary Atlas, and Dr. Aurelie Germa for the 
guidance, training, and education, and for their patience to answer seemingly endless questions. I 
would also like to thank Dr. Patricia Fryer, Dr. Geoffrey Wheat, and Dr. Trevor Williams for the 
opportunity to participate in International Ocean Discovery Program Expedition 366. I owe a 
debt of gratitude to the IODP Expedition 366 science team and technical teams who made me 
feel welcome and without whose assistance I could not have collected the data presented herein. 
Thanks also to Dr. Ivan Savov for his work to publish much of the data from other seamounts 
used for comparison in this study. 
i  
 
 
 
 
 
Table of Contents 
List of Tables ............................................................................................................................... ii 
List of Figures ............................................................................................................................. iii 
Abstract ......................................................................................................................................... v 
Introduction ................................................................................................................................... 1 
Oceanic crust and Pacific Seamounts ............................................................................... 2 
Serpentinization ................................................................................................................ 3 
Background ....................................................................................................................... 5 
Subduction ........................................................................................................................ 7 
Geologic Setting ............................................................................................................................ 8 
Previous Work ............................................................................................................................ 12 
Methods and Procedures ............................................................................................................. 15 
Results ......................................................................................................................................... 17 
Discussion ................................................................................................................................... 46 
Seawater interactions versus deep-sourced porefluids .................................................... 46 
Clast-to-mud comparisons .............................................................................................. 49 
Seamount-to-seamount comparisons .............................................................................. 49 
Fluid-rock partition coefficients ..................................................................................... 51 
Fluid-mobile element co-variation patterns .................................................................... 53 
Comparisons to other serpentinite assemblages .............................................................. 57 
The validity of comparisons of serpentinites .................................................................. 58 
Conclusions ................................................................................................................................. 60 
References ................................................................................................................................... 64 
ii  
 
 
 
 
 
List of Tables  
 
Table 1 – Average compositions of MORB and OIB. ................................................................. 2 
 
Table 2 – Mariana serpentinite seamount statistics ..................................................................... 10 
 
Table 3 – ICP-OES results from Exp. 366 serpentinites performed onboard ............................. 19 
the Joides Resolution. 
 
Table 4 – ICM-MS results from Exp. 366 serpentinites ............................................................. 21 
 
Table 5 – Fluid-mobile element concentrations in seawater and porefluids ............................... 47 
for respective seamounts. 
 
Table 6 – Calculated fluid-rock partition coefficients ................................................................ 52 
iii  
 
 
 
 
 
List of Figures 
Figure 1 – Map of Mariana forearc and locations of serpentine seamounts ................................ 9 
Figure 2 – Subduction zone schematic diagram ......................................................................... 10 
Figure 3 – Representative samples collected during IODP Expedition 366. .............................. 17 
Figure 4a – Al2O3 vs. MgO ......................................................................................................... 37 
Figure 4b – CaO vs. MgO ........................................................................................................... 37 
Figure 5a  – As concentrations with respect to depth below seafloor. ........................................ 38 
Figure 5b  – Cs concentrations with respect to depth below seafloor. ........................................ 38 
Figure 5c  – Rb concentrations with respect to depth below seafloor. ........................................ 39 
Figure 5d  – Sb concentrations with respect to depth below seafloor. ........................................ 39 
Figure 5e  – Tl concentrations with respect to depth below seafloor. ......................................... 40 
Figure 5f  – Pb concentrations with respect to depth below seafloor. ........................................ 40 
Figure 5g  – Sr concentrations with respect to depth below seafloor. ........................................ 41 
Figures 6a  – As concentrations with respect to depth-to-plate .................................................. 41 
Figures 6b  – Cs concentrations with respect to depth-to-plate .................................................. 42 
Figures 6c  – Rb concentrations with respect to depth-to-plate .................................................. 42 
Figures 6d  – Sb concentrations with respect to depth-to-plate .................................................. 43 
Figures 6e  – Tl concentrations with respect to depth-to-plate ................................................... 43 
Figures 6f  – Pb concentrations with respect to depth-to-plate ................................................... 44 
Figures 6g  – Sr concentrations with respect to depth-to-plate ................................................... 44 
Figure 7 – Rb versus Cs concentrations ...................................................................................... 48 
Figures 8a – Ba/Th versus As/Sm ............................................................................................... 54 
iv  
Figures 8b – Pb/Sm versus As/Zr ............................................................................................... 55 
Figures 8c – Sr/Sm versus As/Nb ............................................................................................... 56 
Figure 9 – Schematic depicting FME abundances at different depths-to-slab ............................ 60 
v  
 
 
 
 
 
Abstract 
 
In the Mariana subduction system, active serpentinite mud volcanoes are associated with 
the subduction of the Pacific plate beneath the Philippine plate in a non-accretionary convergent 
plate margin. This location offers a unique opportunity to study the subduction zone interface 
with little crustal contamination. The systematics of fluid-mobile trace elements (FME) (As, Cs, 
Rb, Sb, Tl, Pb, and Sr) in erupted serpentinite muds and entrained serpentinized ultramafic and 
mafic clasts can place constraints on the release of slab-derived fluids from the downgoing plate, 
and ultimately the pressure/temperature (P/TC°) conditions at which these fluids are mobilized. 
The samples analyzed in this study were recovered during International Ocean Discovery 
Program (IODP) Expedition 366, Mariana Convergent Margin and South Chamorro Seamount, 
and expand on existing data from Ocean Drilling Program (ODP) Legs 125 and 195 (Conical and 
South Chamorro Seamounts, respectively). Samples included ultramafic muds and clasts from 
the shallow subduction channel as well as mafic clasts and carbonates from subducted Pacific 
seamounts. 
Key findings of this study are that: 
 
(1) releases of FME from the subducting plate enrich the relatively depleted overlying mantle 
wedge, 
(2) elements with an affinity to be fluid-mobile appear to be enriched in distinct patterns, with 
As, Cs, and Rb increasing and Sr and, to a lesser extent, Pb decreasing with increasing depth-to- 
slab, possibly indicating an enrichment source from the downgoing plate, 
vi  
(3) concentrations of FME in serpentinites vary with depth-to-subducting slab due to P/TC° 
conditions, and may be used as a tracer for dehydration of the subducting slab, 
(4) precipitation of minerals (aragonite, brucite, gypsum) strongly controls Ca, Mg, and S, 
respectively, and thus likely influence some FME concentrations when present, 
(5) pH changes with the introduction of seawater near the seafloor alter fluid-mobile element 
concentrations deposited into shallow serpentine muds, altering the pore fluid signature found 
within the serpentinized muds, and 
(6) progressive dehydration of the slab with increasing P/TC° conditions occurs as a result of at 
least two separate diagenetic regimes, opal dehydration and the conversion of smectite to illite in 
shallow-sourced seamounts, and the breakdown of clays at deeper-sourced seamounts. 
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Introduction 
 
Serpentinite occurrences around the world have interested geologists for decades, if not 
centuries (Dann, 1988). Ultramafic rocks can be found in alpine settings (i.e. Himalayas, Alps, 
western United States coast), or juxtaposed with sedimentary deposits in ophiolites 
(Newfoundland, the Caribbean, South America), in ophiolites (Oman; Lockwood, 1971), and in 
marine deposits (Marina forearc). In an attempt to relate these different kinds of occurrences, 
geologists have sought to compare alpine, sedimentary, and ophiolitic serpentinites toward 
identifying their modes of formation, emplacement, and elemental budgets and exchanges (e.g. 
Dietz, 1963; Lockwood, 1971; Hattori and Guillot, 2003; Hulme et al., 2010; Deschamps et al., 
2011; Deschamps et al., 2012; Deschamps et al., 2013; Fryer et al., 2018). These comparisons 
have typically sought to relate deposits that have undergone similar burial and uplift histories. As 
such, comparisons between alpine/ sedimentary/ophiolitic serpentinites in continental settings 
with marine serpentinite occurrences have largely not been explored. 
The forearc of the Mariana subduction system differs from that of typical convergent 
margins in that the plate being subducted is up to 167 million years old, significantly older than 
average oceanic lithosphere (Neall and Trewick, 2008; Savov et al., 2005a). Additionally, its 
surface is substantially roughened by numerous Pacific volcanic seamounts, which structurally 
disrupt the overriding Philippine Plate during subduction. 
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Oceanic crust and Pacific Seamounts 
 
The subducting Pacific Plate is relatively homogenous geochemically, having all been 
produced at the mid-ocean ridges and having undergone similar diagenesis at residence times at 
depth. The subducting Pacific seamounts, however, have dramatically different geochemical 
components (Tang et al., 2019), and serve to incorporate exotic materials into the subduction 
zone. West Pacific Seamounts (WPSP), on average, have higher fluid-mobile element 
concentrations than Pacific seamounts (Table 1). Sr is significantly enriched in the Pacific 
seamounts (~572 ppm) relative to the Pacific crust (~116 ppm). For the purposes of this study, 
mafic clasts are interpreted to be material dislodged from a subducted Pacific seamount and 
chemically distinct from the down-going Pacific Plate. 
 
 
Table 1 – Average compositions of MORB and OIB (from Kelley et al., 2003; Gale et al., 2013; and Tang et al., 
2019). 
 
 
MORB	 WPSP	
Al2O3	(%	wt)	 14.70	 15.28	
CaO	(%	wt)	 11.39	 10.00	
MgO	(%	wt)	 7.58	 5.04	
 
Cs	(ppm)	
 
0.03	
 
1.80	
Rb	(ppm)	 1.64	 33.31	
Pb	(ppm)	 0.37	 21.41	
Sr	(ppm)	 116	 572	
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Serpentinization 
 
The Pacific oceanic lithosphere is hydrated and serpentinized as seawater permeates the 
crust at mid-ocean spreading centers, during residence time at the oceanic depths (~200 million 
years), and during extensional faulting as the plate margin flexes as it approaches the trench 
(Fryer, 2002). This process, termed by Deschamps et al., (2013) and Guillot and Hattori, (2013) 
as “serpentinization 1”, enriches the oceanic crust with seawater-derived H2O and fluid-mobile 
elements. The subducted Pacific seamounts carry mafic hydrated oceanic crust replete with 
carbonates in the form of large (remains of) coral communities into the subduction zone. As this 
hydrated lithosphere is recycled during subduction, “serpentinization 2” occurs as fluids (and 
FME) are liberated into the overlying shallow mantle from the downgoing plate (Deschamps et 
al., 2011). 
Serpentinization of the overlying mantle wedge involves the transfer of water and 
associated fluid-mobile elements during several processes. Olivine is converted to serpentinite 
during a hydration reaction as follows: 
 
 
2Mg2SiO4 + 3H2O è Mg3Si2O5(OH)4 + Mg2+ + 2OH- 
 
 
This reaction, while converting the olivine to serpentine, produces unattached Mg2+ ions as well 
as free hydroxide ions. A consequence of the serpentinization of the olivine is a large (up to 
20%) increase in volume. Also, the combination of the expansion and serpentinization serves to 
promote further fracturing of the ultramafic clasts creating new pathways for the serpentinization 
process to continue. Additionally, the excess hydroxide ions dramatically increase the pH of the 
fluids. 
4  
Enstatite is converted to serpentine and talc in the following reaction: 
 
 
 
3Mg2Si2O6	+	3H2O	è Mg3Si2O5(OH)4 + Mg3Si4O10(OH)2 
 
 
       While there are no “byproducts” of this reaction, the volumetric increase still occurs increasing 
cracks and fissures in the clasts promoting further serpentinization. 
Olivine and enstatite are converted to serpentine as follows: 
 
 
 
2Mg2SiO4 + Mg2Si2O6 + 4H2O è 2Mg3Si2O5(OH)4 
 
 
This reaction is also conservative, but serves to promote further intrusion of porewater fluids by 
physically forcing fractures open. 
Olivine in the previous three equations is presented as forsterite. However, olivine 
typically contains significant iron in the form of fayalite. When Fe is added to the system, olivine 
is converted to magnetite and silica: 
 
 
3Fe2SiO4 + 2H2O è 2Fe3O4 + 3Si2(aq) + 2H2 
 
 
The conversion of fayalite to magnetite produces a significant  amount  of  free  
hydrogen gas. Under standard pressure and temperature conditions, the free hydrogen  and 
carbon dioxide in the system would combine to produce methane and water, as in the following 
reaction: 
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4H2 + CO2 è CH4 + 2H2O 
 
 
However, the excess OH- from the olivine to serpentine reaction forces the pH upward 
significantly. At high pH, the carbon in the system is in the carbonate form (CO32-). Therefore, 
the methanogenic reaction becomes reinforcing due to the additional OH-production as hydrogen 
and carbonate are converted to methane: 
 
 
4H2 + CO32- è CH4 + H2O + 2OH- 
 
 
As pH is maintained at very high conditions, the serpentinization continues producing the 
material that is extruded through the horst and graben structures to the surface of the seafloor. 
 
Background 
 
Previous geochemical studies of subduction have typically approached the process 
through the chemical characterization of inputs, via direct sampling of the downgoing plate (e.g., 
Plank and Langmuir, 1993; Chan and Kastner, 2000; Barr et al. 2002; Bach et al. 2004; 
Deschamps et al. 2012, etc.), and outputs (i.e. magma, volatiles, pore fluids, etc.) in volcanic arcs 
and backarc basins (e.g. Sano and Williams, 1996; Straub and Layne, 2003; Hattori and Guillot, 
2003; Scambelluri et al., 2004; Hulme et al., 2010; Kelemen and Manning, 2015; Fryer et al., 
2016, Wheat et al., 2018). These data provide information on the composition of the ocean crust 
before subduction and after fluid-rock exchanges have modified basaltic and ultramafic rocks of 
the downgoing plate lithosphere. However, characterizing a complex system as a two end- 
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member function ignores the effects of progressive dehydration of the slab, and hydration of the 
overriding plate. 
Serpentinite seamounts of the Mariana forearc develop as active mud volcanoes at fault 
intersections in this disrupted overriding plate. These forearc seamounts present a unique 
opportunity to study fluid-rock exchange processes associated with subduction at a non- 
accretionary convergent plate margin (Fryer et al., 2017). The Mariana forearc offers a different 
perspective on serpentinite formation and its importance in subduction. The materials that form 
at the plate interface and are erupted onto the seafloor geochemically preserve, to a great degree, 
a record of the exchanges that occurred with the downgoing plate at shallow depths (~13 km –  
19 km). 
In 1989, ODP Leg 125 sampled Conical Seamount, and in 2001, Leg 195 sampled South 
Chamorro Seamount to better understand the evolution and origins of forearc terranes, the 
products and processes involved in intra-arc rifting, and the process of dewatering that occurs as 
a result of subduction (Fryer et al., 1988). Additionally, the ODP Legs sought to further constrain 
geologic processes that control geochemical cycling in shallow subduction zones (Salisbury et 
al., 2000). IODP Expedition 366 expanded on these past examinations of Mariana serpentinite 
mud volcanism, coring the summits and flanks of three additional serpentinite mud volcanoes to 
examine the processes related to mass transport during subduction. Specific goals included the 
collection of samples to further constrain geochemical cycling in the system and trace 
dehydration using slab-related fluids (Fryer et al., 2016). 
Previous studies of elemental budgets during fluid/rock interactions (i.e. Seyfried and 
Bischoff, 1979, Seyfried et al., 1984) suggest that the different FME should mobilize at varied 
rates within the range of expected P/TC° conditions at the Mariana forearc seamounts. These 
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differences in P/TC° conditions should thus closely correlate with the observed systematics of the 
FME in the serpentinites recovered at various distances from the trench. 
 
Subduction 
 
This study seeks to characterize materials from the subduction channel through 
examining the eruptive outputs of serpentinite seamount summits in the shallow Mariana forearc 
at several different distances from the trench. Studies that have attempted to characterize 
subduction as a simple system with minimal inputs have overlooked key characteristics of the 
Mariana forearc subduction system, including the subduction of Pacific Seamounts, which 
locally alters the geochemical signatures of the material being subducted (and thus the overlying 
mantle). The potentially large inputs of fluid-mobile elements from siliceous oozes that have 
accumulated on the Pacific Plate, carbonate material brought to depths well below the CCD by 
the Pacific Seamounts, the diagenesis of smectite clays to illite clays, and the breakdown of 
subducted corrals are also often ignored. 
Expanded knowledge of the budget and variability of fluid-mobile elements in the 
subduction system may better define material that is recycled into the deeper mantle. 
Serpentinites have the potential to transfer many sensitive tracer elements deep into the 
subduction zone. However, for the foreseeable future, drilling technology will not permit direct 
sampling of the subduction zone interface. Therefore, the Mariana forearc, where subduction 
channel material is naturally transported from the plate interface to the surface, can uniquely 
expand our understanding of the chemical and physical conditions of the subduction channel. 
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Geologic Setting 
 
The Mariana forearc formed as the Pacific Plate is subducted beneath the Philippine 
Plate. The Mariana forearc is a non-accretionary convergent plate margin and is extensional both 
along and across strike (Horine et al., 1990). The Mariana forearc is extensional both along and 
across strike. The former is due to plate roll-back, while the latter is evident from the increase in 
curvature with time (Fryer et al., 2006). Serpentinite mud volcanoes form a chain of edifices 
parallel to the trench in the shallow Mariana forearc, from near Guam (~15 degrees North 
latitude) to the southern end of the Izu-Bonin arc system (~22 degrees North latitude) [Figure 1]. 
From the earliest stages of subduction in the Marianas, dehydration of the subducting slab 
has transported fluids into the overlying mantle wedge via processes such as dissolution of 
calcareous sediments and serpentinization of mantle wedge peridotite (Hulme et al., 2010). 
Enrichments of the mantle wedge shallower than 120 km are generated by the addition of fluids 
and melts produced by the dehydration of the subducting slab into the relatively depleted 
peridotite in the overlying upper mantle (Dixon et al., 2017). In the Mariana forearc, 
serpentinization reactions (mantle wedge enrichment) are facilitated by extensional faulting, 
leading to the long-lived extrusion of serpentinite and associated porefluids and the construction 
of unusual submarine serpentinite mud volcanoes (Fryer and Fryer, 1999; Alt and Shanks, 2006). 
The Mariana serpentinite seamounts range in size from ~100 m to >3 km in height, and 
can reach up to 50 km across at their bases on the seafloor (Fryer et al., 2016). The seamounts 
vary in distance from the trench from between 30 km and 120 km. Distance from the trench is 
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Figure 1 – Map of Mariana forearc and locations of serpentine seamounts (created using GeoMapApp with data 
from Fryer et al., 2018, 2019; Hulme et al., 2010). Note – seamount color-coding will match legends throughout. 
 
 
analogous to depth-to-subducting slab (i.e. Yinazao Seamount, 55 km from trench, 13 km depth- 
to-subducting plate; Conical Seamount, 86 km from trench, 19 km depth-to-subducting plate) 
(Fryer et al., 2018) [Table 2]. It should be noted, however, that Asùt Tesoru (assumed to 
represent ~18 km depth-to-slab in cited literature) rises several kilometers above the seafloor and 
is up to 50 kilometers in diameter at its base, increasing the likelihood that it is sampling multiple 
locations of the subduction interface at multiple corresponding depths below seafloor. 
The seamounts are comprised of flows of dense slurries of serpentine muds and fluids, 
with entrained altered rock clasts that rise along fault-controlled conduits through the overriding 
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Table 2 – Mariana serpentinite seamount statistics (from Fryer et al., 2018). 
 
 
 
plate [Figure 2] (Alt and Shanks, 2006; Fryer et al., 2016). Horst and graben structures that 
formed the faults in the overriding Philippine Plate are interpreted to have developed due in part 
to the subduction of volcanic seamounts on the Pacific Plate (Fryer and Smoot, 1985; Murata et 
al., 2009). 
 
 
 
Figure 2 – Subduction zone schematic diagram (modified from Fryer et al., 2016). 
 
 
These faults afford outlets for serpentinite muds to erupt at the seafloor, and they likely 
persist to greater depths, where they may influence arc magmatism (Hulme et al., 2010; 
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Fryer et al., 2016; 2018). As pressure and temperature increase with increasing depth west of the 
trench, porewater compositions vary systematically (Hulme, 2005; Hulme et al., 2010; Fryer et 
al., 2017). 
12  
 
 
 
 
 
Previous Work 
 
One of the earliest modern works examining the origins of serpentinites was that of 
Lockwood (1971), who posited that serpentinite formation involved mantle transport, 
serpentinization, subduction, and protrusion through the crust. Recent studies have focused on 
the potential of serpentinites to carry certain elements deep into subduction zones to become a 
potential source component in arc magmatism. Hattori and Guillot (2003) characterized 
serpentinites from the Alps and Cuba, and posited that the upward migration of water (and fluid- 
mobile elements) formed a serpentinite barrier, preventing the hydration of the interior mantle 
wedge. Bach et al. (2004) found that, at low temperatures, (<250°C), fluids cause the 
serpentinization of the peridotites (oceanic crust). Scambelluri et al. (2004) reviewed orogenic 
ultramafic samples in the context of steps of hydration and metamorphism. 
Deschamps et al. (2011; 2013) compared serpentinites subducted in low to high-grade 
metamorphic environments in the accretionary wedge of the Greater Caribbean (Cuba and the 
Dominican Republic), and reviewed the values of key mobile elements for serpentinites from 
abyssal, subduction zone, and mantle wedge settings in an effort to relate the geochemical 
evolution of serpentinites to the global geochemical cycle. Cannao et al. (2016) characterized 
mobile element recycling at the subduction interface based on alpine samples from the Voltri 
Massif, and determined that samples that were significantly enriched in fluid-mobile elements 
had been influenced by sediment- and crust-derived fluids. Studies of arcs have seen a number of 
researchers calling on serpentinite inputs as an explanation for enrichments of key mobile 
13  
elements and boron isotopes, including Straub and Layne (2003) in the Izu-Bonin arc, Benton et 
al., (2001), Alt and Shanks (2006), Murata et al., (2009), and Hulme et al., (2010) in the Mariana 
arc, and Tonarini et al. (2007) in the Central American arc. These studies characterized and 
compared serpentinites, but generally lacked samples freshly collected from the interior of active 
serpentinite seamounts. 
Leg 125 of the Ocean Drilling Program (ODP; 1988) was the first ocean drilling 
expedition to recover serpentinites from a Mariana forearc seamount (Fryer and Pearce, 1992). 
Drilling at summit and flanks sites on the Conical Seamount recovered serpentinized harzburgite 
and dunite clasts and small amounts of unconsolidated serpentinites (Fryer et al., 1992; Fryer and 
Mottl 1992; Savov et al., 2005a; Savov et al., 2005b). Before Leg 125, direct sampling of  
forearc basement samples had been limited to the Mariana and Tonga arc islands, and the Bonin 
Islands (Fryer and Pearce, 1992). 
Over a decade later, ODP Leg 195 targeted the South Chamorro Seamount, recovering 
extensive serpentinite muds with entrained clasts from several sites on its summit (Salisbury et 
al., 2002). The objectives of Leg 195 included examining mass transport and geochemical 
cycling and to trace decarbonation, dehydration, and fluid-rock interactions during subduction. 
Savov et al. (2007) found that the major and trace element concentrations of the serpentine muds 
suggested that mixing serpentinized peridotites and metamorphic schist formed them. Blueschist 
facies metamorphic materials entrained in the S. Chamorro Seamount serpentinites were inferred 
to be consistent with depths of 20+ km beneath the forearc, similar to inferences from the 
Conical Seamount. Savov et al. (2007) estimated the incorporation of 3% to 5% of metamorphic 
schist in S. Chamorro Seamount muds. 
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In 2016 – 2017, the International Ocean Discovery Program (IODP) Expedition 366 
returned to the Mariana forearc to drill and sample materials from three additional seamounts: 
Yinazao (formerly Blue Moon), Fantangisña (formerly Celestial), and Asùt Tesoru (formerly Big 
Blue), all of which were sited closer to the trench that either Conical or S. Chamorro Seamounts 
(Fryer et al., 2016). Serpentinite muds, clasts, entrained pore waters, and volatiles were 
recovered and analyzed both shipboard and post-cruise (Fryer et al., 2018; Wheat et al., 2018; 
Debret et al., 2019). Major element analyses of the recovered serpentinites showed no significant 
variation from seamount to seamount, and general agreement with findings from ODP Legs 125 
and 195. At Fantangisña and Asùt Tesoru Seamounts, sedimentary clasts (cherty limestones and 
even corals) as well as blueschist facies meta-volcanic mafic clasts were recovered, the latter 
indicating an alkali basalt protolith (Fryer et al., 2018). 
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Methods and Procedures 
 
Samples of recovered serpentinite muds, serpentinized ultramafic clasts, and (where 
available) mafic clasts were selected from the three seamounts (Yinazao, Fantangisña, and Asùt 
Tesoru) drilled during IODP Expedition 366. These seamounts were targeted for drilling due to 
their relative distances from the trench (Yinazao – 55 km; Fantangisña – 62 km; and Asùt Tesoru 
– 72 km) (Fryer, et al., 2018). Our sample selection focused on sites on the serpentinite seamount 
summits, where evidence for upwelling porefluids minimizes (to varying degrees) the effects of 
secondary seawater interactions. We have compared our results throughout to published data 
from S. Chamorro and Conical Seamounts (78 km and 86 km distance from the trench, 
respectively) (Savov et al., 2005a,b; 2007) to assay FME variability with depth-to-slab and/or as 
a function of compositional changes among the seamounts. 
Data were collected using a combination of Inductively Coupled Plasma Optical 
Emission Spectrometry (ICP-OES), Inductively Coupled Plasma Mass Spectrometry (ICP-MS), 
and High Resolution (HR)-ICP-MS methods. Fluid mobile and lithophile trace element data  
were collected using the Perkin Elmer Elan II DRC ICP-MS at the University of South Florida 
(USF) Tampa campus and/or the Thermo Element XR Sector Field HR-ICP-MS at the 
University of South Florida College of Marine Sciences. Shipboard major element analyses 
(which also include results for a few key trace elements) were collected using the Leeman Labs 
Axial ICP-OES system available on the JOIDES Resolution, following standard shipboard 
methods, modified slightly for the unusual Mg- and sometimes Ca-rich compositions of the 
recovered samples (see Johnston and Ryan, et al., 2018). 
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Samples analyzed at USF were desiccated in a drying oven, crushed using either a mortar 
and pestle or a ball mill, depending on the material, and dissolved for analysis utilizing an HF- 
HNO3 digestion process. Vessels used during digestion (23 mL Teflon Savillex beakers) were 
cleaned in 1:1 HCl acid bath for 24 hours and subsequently, in a 1:1 HNO3 acid bath for an 
additional 24 hours. 1 mL of a 3:1 mixture of HNO3 and HF was then added to each beaker, and 
the beakers were sealed and heated to ~70° C for 4 hours. After this final leaching step, the acid 
was decanted and the beakers rinsed with 18 megaohm distilled de-ionized water (DDI H2O) 
three times, and dried overnight. 
Approximately 0.1000 g (+/- 0.0005 g) of sample was weighed into each beaker, 
followed by 6 ml of Teflon distilled HNO3 and 2 ml Teflon distilled HF. The beakers were then 
sealed and heated to ~70° C for 6 – 24 hours until the solutions were clear. After cooling the 
beakers were opened and evaporated on the hotplate at ~70° C until dry. 3 mL of 14M HNO3  
and 3 mL DDI H2O were added to each beaker, which were then sealed and returned to the ~70° 
C hotplate for 5 – 12 hours, or until the contents were completely dissolved. The solutions were 
then poured into labeled 60 mL Nalgene bottles, the beakers were rinsed 3 times with DDI H2O 
into their respective bottles, and the solutions were brought to ~50 mL total gravimetric mass by 
adding the appropriate amount of DDI H2O. This solution, at a dilution factor of 500:1, was used 
for analysis on the quadrupole ICP-MS. For HR ICP-MS measurements, this solution was further 
diluted to 20:1 to achieve an overall 10,000:1 dilution factor with approximately 100 ppm total 
dissolved solids (TDS) (Johnston, Ryan, et al., 2017; Fryer et al., 2018). 
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Results 
 
70 clasts and 33 muds from Yinazao Seamount, 10 clasts and 3 muds from Fantangisña 
Seamount, and 20 clasts and 12 muds from Asùt Tesoru Seamount were analyzed for FME. The 
samples included extensively serpentinized harzburgites and dunites, some with carbonate veins 
[Figure 3]. Most of the Expedition 366 samples defy simple classification in terms of clast 
 
 
 
Figure 3 – Representative samples collected during IODP Expedition 366 (Fryer et al., 2019). 
18  
versus mud, as nearly every sample displayed high levels of serpentinization due to exchanges 
with high pH serpentinizing fluids. None of the clast samples examined could be considered to 
be a “pure” clast, in that all of them are extensively serpentinized. Many were altered to the point 
that drilling disturbance during recovery deformed them [see Figure 3]. Typical clast samples 
are heavily veined with serpentine, and were enclosed in serpentine mud matrix (Fryer et al., 
2018). Veins in these clasts record the continuing evolution of fluids released from the 
subducting slab. 
IODP Expedition 366 samples were compared to materials from ODP Legs 125 and 195 
based on their major element analyses (MgO, FeO, and Al2O3) [Figure 4]. Loss-on-ignition 
(LOI) measured during Expedition 366 showed no clear correlations with elemental abundances. 
Data from Conical and South Chamorro Seamounts generally overlap our results for the three 
seamounts sampled during Expedition 366 in terms of MgO, CaO, and Al2O3, documenting that 
they have similar protoliths (Savov et al., 2007). 
Selected results from the ship-based ICP-OES analyses are compiled in Table 3. Results 
of our FME analyses via the shore-based ICP-MS and HR-ICP-MS are given in Table 4. Fluid- 
mobile element concentrations in IODP Expedition 366 serpentinized ultramafic clasts and 
serpentinite muds vary significantly both with depth below seafloor [Figures 5a – 5g], as well as 
from seamount to seamount [Figures 6a – 6g]. The analyzed mafic samples from Asùt Tesoru 
yielded generally higher FME abundance levels, and lower Sr contents. Our results were 
generally comparable to those from past studies of Mariana forearc materials (i.e. Savov et al, 
2005a,b; Savov et al., 2007.). Samples showed elevated fluid-mobile element concentrations in 
the upper 50 mbsf and lower concentrations below. Arsenic concentrations are elevated in 
shallow samples at each seamount. Arsenic levels were measured to be 1.5 ppm or less in 
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Table 3 – ICP-OES results from Exp. 366 U1492 serpentinites performed onboard the Joides Resolution. 
 
 Al2O3	 CaO	 Fe2O3	 MgO	 MnO	 Na2O	 SiO2	 TiO2	
A4F2W56/62	 0.47	 0.16	 8.63	 47.36	 0.23	 0.04	 43.11	 0.002	
A5F1W48/50	 0.64	 0.16	 8.65	 46.03	 0.18	 0.08	 42.75	 0.003	
A5F3W7/9	 0.63	 0.64	 8.67	 46.77	 0.12	 0.53	 43.71	 0.012	
B10F1W126/130	 0.49	 0.85	 7.81	 48.85	 0.13	 nd	 43.40	 nd	
B13F1W62/68	 1.04	 1.19	 8.87	 43.93	 0.13	 nd	 43.68	 nd	
B2F1W112/150	 0.99	 0.70	 7.85	 44.98	 0.19	 nd	 43.75	 nd	
B2F3W50/52	 0.29	 0.55	 8.20	 44.78	 0.12	 0.43	 41.12	 nd	
B3F2W45/47	 0.32	 0.80	 8.37	 48.47	 0.12	 0.47	 44.62	 nd	
B3FCCW8/10	 0.55	 0.65	 8.10	 45.88	 0.11	 0.44	 43.97	 0.013	
B4F2W89/91	 0.66	 0.57	 9.07	 48.62	 0.14	 nd	 43.27	 nd	
B6F1W128/130	 0.72	 0.67	 9.12	 48.60	 0.13	 0.06	 43.85	 nd	
B6F2W59/60	 0.53	 0.82	 8.18	 46.15	 0.11	 0.44	 44.05	 0.008	
B7F1W130/150	 1.00	 0.72	 9.94	 45.48	 0.16	 0.06	 42.35	 nd	
B7F1W53/55	 0.59	 1.05	 8.44	 42.94	 0.12	 nd	 42.59	 nd	
B8F1W25/28	 0.57	 0.75	 8.06	 45.95	 0.11	 0.45	 44.48	 0.014	
C10XCCW3/5	 0.55	 1.39	 8.01	 42.85	 0.10	 0.77	 42.97	 0.000	
C12F1W30/31	 0.38	 0.68	 8.17	 43.41	 0.23	 0.59	 43.87	 nd	
C12F1W19/22	 0.87	 0.60	 8.70	 45.31	 0.16	 0.05	 44.45	 nd	
C13F2W24/25	 0.48	 0.87	 7.89	 47.31	 0.10	 0.55	 44.35	 0.004	
C14F1W85/87	 0.78	 0.60	 9.64	 48.12	 0.16	 0.04	 43.56	 nd	
C15F1W97/99	 0.53	 0.75	 8.03	 42.45	 0.11	 0.99	 41.51	 nd	
C16F1W50/52	 0.57	 0.85	 8.39	 45.03	 0.12	 0.95	 43.68	 0.000	
C18F1W5/7	 0.80	 0.67	 8.58	 44.25	 0.12	 0.50	 44.48	 nd	
C20F2W13/17	 1.03	 0.56	 10.03	 43.31	 0.16	 0.07	 41.30	 nd	
C26F1W78/80	 0.51	 1.17	 7.98	 44.64	 0.11	 0.89	 42.76	 0.002	
C28G1W0/5	 0.27	 0.44	 9.20	 46.50	 0.14	 nd	 41.81	 nd	
C29XCCW9/11	 0.42	 0.81	 7.34	 43.47	 0.11	 0.36	 43.60	 nd	
C30XCCW1/3	 0.46	 0.58	 7.86	 45.44	 0.11	 0.50	 43.52	 0.001	
C5F2W28/30	 0.18	 0.31	 10.06	 44.47	 0.13	 0.05	 40.37	 nd	
C8F3108/112	 0.96	 0.74	 8.55	 43.86	 0.15	 nd	 42.16	 0.003	
B10F3W16/18	 0.55	 0.97	 8.11	 46.16	 0.11	 0.46	 44.45	 0.007	
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Table 3 – (Continued) 
 
 Ni	 Cr	 Co	 Sr	 Ba	 Sc	 V	
A4F2W56/62	 2671	 2544	 122	 17	 4.4	 6.7	 25.6	
A5F1W48/50	 2780	 3506	 128	 22	 6.2	 8.0	 37.8	
A5F3W7/9	 2346	 2882	 107	 513	 8.4	 7.8	 43.0	
B10F1W126/130	 2650	 1834	 nd	 35	 nd	 nd	 nd	
B13F1W62/68	 2768	 3145	 nd	 43	 nd	 8.8	 53.9	
B2F1W112/150	 2650	 3511	 nd	 31	 nd	 10.3	 nd	
B2F3W50/52	 2118	 2405	 105	 292	 1.4	 6.5	 26.8	
B3F2W45/47	 2473	 2421	 105	 569	 3.1	 nd	 26.8	
B3FCCW8/10	 2189	 2624	 119	 323	 2.5	 7.2	 33.7	
B4F2W89/91	 3705	 3938	 nd	 17	 nd	 9.6	 nd	
B6F1W128/130	 3044	 5315	 nd	 26	 nd	 nd	 nd	
B6F2W59/60	 2234	 2769	 114	 376	 2.0	 7.3	 34.4	
B7F1W130/150	 3421	 3971	 nd	 34	 nd	 11.5	 nd	
B7F1W53/55	 2014	 2252	 110	 36	 nd	 8.0	 32.1	
B8F1W25/28	 2574	 2344	 111	 513	 3.4	 7.8	 34.5	
C10XCCW3/5	 2385	 2126	 nd	 420	 5.4	 nd	 nd	
C12F1W30/31	 1955	 2304	 102	 244	 2.1	 6.7	 29.3	
C12F1W19/22	 3391	 nd	 40	 nd	 11.0	 55.8	 149.4	
C13F2W24/25	 2313	 2452	 98	 303	 2.2	 nd	 29.7	
C14F1W85/87	 2916	 3658	 nd	 28	 nd	 nd	 nd	
C15F1W97/99	 2052	 2680	 nd	 481	 nd	 7.3	 nd	
C16F1W50/52	 2413	 2447	 nd	 370	 321.7	 7.4	 nd	
C18F1W5/7	 2380	 2872	 nd	 365	 nd	 8.6	 nd	
C20F2W13/17	 3263	 4337	 nd	 35	 nd	 12.6	 nd	
C26F1W78/80	 2000	 2745	 103	 113	 15.0	 7.7	 27.2	
C28G1W0/5	 2552	 2992	 122	 27	 nd	 nd	 nd	
C29XCCW9/11	 2032	 2394	 100	 29	 nd	 6.9	 28.3	
C30XCCW1/3	 2169	 2557	 100	 27	 1.6	 7.5	 29.6	
C5F2W28/30	 96	 4113	 3062	 nd	 24.5	 nd	 5.1	
C8F3108/112	 2921	 3069	 nd	 33	 nd	 9.6	 47.7	
B10F3W16/18	 2326	 2473	 116	 562	 9.1	 7.2	 33.5	
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Table 4 – ICP-MS results from Exp. 366 serpentinites. 
 
1H1	 1H3	 1H3	 2H7	 4F2	 5F1	 5F3	
136/143	115/135	95/115	 45/49	 56/62	 48/50	 7/9	
Sc	(ppm)	 8.66	 8.30	 36.51	 11.29	 8.32	 17.90	 8.81	
V	(ppm)	 nd	 nd	 37.01	 nd	 15.55	 nd	 nd	
Cr	(ppm)	 25623	 24689	 nd	 25995	 13976	 21906	 28206	
Co	(ppm)	 61	 111	 nd	 143	 151	 154	 129	
Ni	(ppm)	 2726	 2369	 nd	 3375	 3570	 3602	 3117	
Cu	(ppm)	 12.28	 9.92	 nd	 8.91	 10.66	 9.10	 10.75	
Zn	(ppm)	 54.14	 58.52	 nd	 60.41	 54.79	 69.24	 43.23	
As	(ppm)	 0.17	 0.14	 0.24	 0.21	 0.22	 0.57	 0.29	
Rb	(ppm)	 0.10	 0.11	 0.64	 0.11	 0.11	 0.10	 0.11	
Sr	(ppm)	 nd	 nd	 23	 nd	 nd	 nd	 504	
Y	(ppm)	 nd	 nd	 nd	 nd	 nd	 nd	 0.03	
Zr	(ppm)	 5.04	 5.04	 nd	 5.10	 5.17	 7.18	 6.22	
Nb	(ppm)	 0.10	 0.07	 nd	 0.06	 0.07	 0.38	 0.18	
Sb	(ppm)	 nd	 nd	 1.14	 nd	 nd	 nd	 nd	
Cs	(ppm)	 0.02	 0.02	 0.02	 nd	 0.00	 nd	 0.20	
Ba	(ppm)	 7.50	 7.14	 nd	 7.18	 7.15	 7.18	 8.63	
La	(ppm)	 0.13	 0.16	 0.05	 0.13	 0.13	 0.15	 0.22	
Ce	(ppm)	 0.61	 0.65	 0.45	 0.59	 0.61	 0.62	 0.79	
Pr	(ppm)	 nd	 0.00	 0.06	 nd	 nd	 nd	 0.02	
Nd	(ppm)	 0.35	 0.37	 0.26	 0.34	 0.36	 0.35	 0.47	
Sm	(ppm)	 0.04	 0.05	 0.16	 0.04	 0.04	 0.05	 0.07	
Gd	(ppm)	 nd	 nd	 nd	 nd	 nd	 nd	 nd	
Yb	(ppm)	 0.01	 0.01	 0.08	 0.02	 0.00	 0.00	 0.03	
Ta	(ppm)	 0.22	 0.05	 nd	 0.01	 0.01	 0.19	 0.01	
Tl	(ppm)	 nd	 nd	 0.39	 nd	 nd	 nd	 nd	
Pb	(ppm)	 2.56	 2.42	 3.09	 nd	 nd	 nd	 0.86	
Th	(ppm)	 0.02	 0.02	 0.01	 0.02	 0.02	 0.02	 0.03	
U	(ppm)	 2.99	 0.02	 1.55	 0.01	 0.01	 0.01	 0.01	
LOI	(wt	%)	 14.9	 16.4	 nd	 18.6	 16.4	 16.0	 -10.9	
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Table 4 – (Continued) 
 
10F1	 10F1	 10F3	 13F1	 1H1	 2F1	 2F3	 3F2	
126/130	49/56	18/20	62/68	20/22	112/150	50/52	45/47	
Sc	(ppm)	 1.79	 nd	 2.40	 2.30	 3.93	 12.25	 4.31	 12.32	
V	(ppm)	 5.84	 nd	 12.75	 10.17	 nd	 nd	 nd	 nd	
Cr	(ppm)	 9631	 nd	 9575	 10710	 13728	 35398	 14747	 22697	
Co	(ppm)	 74	 nd	 57	 55	 78	 138	 88	 133	
Ni	(ppm)	 1697	 nd	 1576	 1621	 1740	 3332	 1988	 3075	
Cu	(ppm)	 2.73	 nd	 3.29	 6.11	 5.02	 8.86	 5.86	 9.68	
Zn	(ppm)	 38	 nd	 30	 32	 34	 64	 32	 110	
As	(ppm)	 0.09	 0.08	 0.25	 0.08	 0.10	 0.19	 0.13	 0.25	
Rb	(ppm)	 0.08	 nd	 0.07	 0.08	 0.09	 0.09	 0.08	 0.09	
Sr	(ppm)	 nd	 48	 479	 nd	 103	 nd	 27	 159	
Y	(ppm)	 nd	 nd	 nd	 nd	 nd	 nd	 nd	 nd	
Zr	(ppm)	 5.07	 nd	 5.02	 5.07	 5.24	 5.57	 5.20	 6.22	
Nb	(ppm)	 0.07	 nd	 0.08	 0.07	 0.08	 0.09	 0.09	 3.17	
Sb	(ppm)	 nd	 0.09	 nd	 nd	 nd	 nd	 nd	 nd	
Cs	(ppm)	 nd	 nd	 nd	 nd	 nd	 nd	 nd	 0.02	
Ba	(ppm)	 7.11	 nd	 9.32	 7.10	 7.71	 7.16	 7.18	 7.50	
La	(ppm)	 0.14	 nd	 0.13	 0.13	 0.17	 0.13	 0.16	 0.14	
Ce	(ppm)	 0.62	 nd	 0.61	 0.61	 0.68	 0.60	 0.68	 0.63	
Pr	(ppm)	 nd	 nd	 nd	 nd	 0.01	 nd	 0.01	 nd	
Nd	(ppm)	 0.36	 nd	 0.35	 0.35	 0.39	 0.35	 0.40	 0.37	
Sm	(ppm)	 0.04	 nd	 0.04	 0.04	 0.05	 0.04	 0.05	 0.05	
Gd	(ppm)	 nd	 nd	 nd	 nd	 nd	 nd	 nd	 nd	
Yb	(ppm)	 nd	 nd	 0.00	 0.02	 0.01	 0.02	 0.01	 0.01	
Ta	(ppm)	 0.01	 nd	 0.03	 0.02	 0.01	 0.01	 0.01	 0.14	
Tl	(ppm)	 nd	 0.02	 nd	 nd	 nd	 nd	 nd	 nd	
Pb	(ppm)	 nd	 nd	 nd	 nd	 nd	 nd	 nd	 0.02	
Th	(ppm)	 0.02	 nd	 0.02	 0.02	 0.02	 0.02	 0.02	 0.03	
U	(ppm)	 0.01	 nd	 0.01	 0.01	 0.01	 0.01	 0.01	 0.01	
LOI	(wt	%)	 nd	 12.44	 nd	 nd	 16.15	 16.18	 16.59	 14.98	
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Table 4 – (Continued) 
 
 
 
 3FCC	 4F2	 6F1	 6F2	 7F1	 7F1	 8F1	
8/10	 89/91	 128/130	 59/60	 130/150	 53/55	 25/28	
Sc	(ppm)	 9.29	 7.18	 7.22	 5.13	 10.00	 6.38	 1.25	
V	(ppm)	 2.59	 nd	 nd	 nd	 nd	 nd	 26.60	
Cr	(ppm)	 25914	 42385	 26182	 22184	 39216	 26855	 7009	
Co	(ppm)	 133	 171	 142	 111	 166	 122	 48	
Ni	(ppm)	 3130	 4226	 3334	 2642	 3890	 2872	 1438	
Cu	(ppm)	 9.89	 6.54	 36.65	 3.19	 8.45	 10.10	 2.91	
Zn	(ppm)	 41	 443	 52	 32	 79	 742	 28	
As	(ppm)	 0.23	 0.20	 0.20	 0.21	 0.24	 0.18	 0.10	
Rb	(ppm)	 0.08	 0.08	 0.08	 0.07	 0.08	 0.15	 0.06	
Sr	(ppm)	 146	 nd	 nd	 2060	 nd	 nd	 207	
Y	(ppm)	 nd	 nd	 nd	 nd	 nd	 nd	 nd	
Zr	(ppm)	 5.35	 5.05	 4.97	 4.99	 5.09	 4.65	 5.26	
Nb	(ppm)	 0.09	 0.07	 0.07	 0.30	 0.01	 0.06	 0.10	
Sb	(ppm)	 nd	 nd	 nd	 nd	 nd	 nd	 nd	
Cs	(ppm)	 nd	 nd	 nd	 nd	 0.00	 0.02	 0.02	
Ba	(ppm)	 7.55	 7.14	 7.07	 10.45	 7.12	 7.36	 7.69	
La	(ppm)	 0.15	 0.13	 0.13	 0.13	 0.13	 0.12	 0.16	
Ce	(ppm)	 0.64	 0.60	 0.60	 0.60	 0.61	 0.58	 0.67	
Pr	(ppm)	 0.00	 nd	 nd	 nd	 nd	 nd	 0.05	
Nd	(ppm)	 0.38	 0.35	 0.35	 0.36	 0.36	 0.34	 0.40	
Sm	(ppm)	 0.05	 0.05	 0.04	 0.05	 0.05	 0.04	 0.05	
Gd	(ppm)	 nd	 nd	 nd	 nd	 nd	 nd	 nd	
Yb	(ppm)	 0.01	 0.01	 0.01	 0.02	 0.04	 0.01	 0.01	
Ta	(ppm)	 0.01	 0.01	 0.01	 0.01	 0.01	 0.01	 0.02	
Tl	(ppm)	 nd	 nd	 nd	 nd	 nd	 nd	 nd	
Pb	(ppm)	 nd	 nd	 nd	 nd	 nd	 nd	 6.88	
Th	(ppm)	 0.02	 0.02	 0.02	 0.03	 0.02	 0.01	 0.02	
U	(ppm)	 0.01	 0.01	 0.01	 0.01	 0.01	 0.00	 0.01	
LOI	(wt	%)	 14.34	 15.84	 16.01	 14.85	 15.90	 15.56	 14.74	
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Table 4 – (Continued) 
 
 
 10XCC	
3/5	
12F1	
30/31	
12F1	
19/22	
13F2	
24/25	
14F1	
85/87	
15F1	
97/99	
16F1	
25/26	
18F1	
5/7	
Sc	(ppm)	 11.06	 4.33	 5.52	 5.80	 7.04	 5.47	 5.63	 6.74	
V	(ppm)	 nd	 nd	 nd	 nd	 nd	 nd	 nd	 nd	
Cr	(ppm)	 23475	 16512	 28140	 22539	 25951	 21229	 21559	 28237	
Co	(ppm)	 123	 84	 92	 109	 100	 110	 115	 118	
Ni	(ppm)	 2882	 1850	 1966	 2629	 2149	 2636	 2684	 2844	
Cu	(ppm)	 15.13	 4.78	 5.52	 9.99	 4.29	 8.59	 12.04	 8.65	
Zn	(ppm)	 46.28	 33.92	 42.13	 38.79	 43.99	 40.49	 45.04	 43.21	
As	(ppm)	 0.28	 0.12	 0.07	 0.23	 0.10	 0.20	 0.28	 0.25	
Rb	(ppm)	 0.13	 0.08	 0.07	 0.08	 0.08	 0.11	 0.73	 0.12	
Sr	(ppm)	 203	 227	 nd	 171	 nd	 231	 270	 300	
Y	(ppm)	 0.02	 nd	 nd	 nd	 nd	 nd	 nd	 0.24	
Zr	(ppm)	 6.70	 5.27	 4.99	 5.53	 4.97	 4.93	 5.41	 5.30	
Nb	(ppm)	 0.20	 0.09	 0.06	 0.18	 0.06	 0.10	 0.17	 1.64	
Sb	(ppm)	 nd	 nd	 nd	 nd	 nd	 nd	 nd	 nd	
Cs	(ppm)	 0.00	 nd	 nd	 nd	 nd	 nd	 nd	 nd	
Ba	(ppm)	 9	 8	 7	 8	 7	 8	 329	 8	
La	(ppm)	 0.22	 0.17	 0.13	 0.23	 0.14	 0.14	 0.28	 0.32	
Ce	(ppm)	 0.77	 0.67	 0.60	 0.80	 0.62	 0.62	 0.91	 0.86	
Pr	(ppm)	 0.02	 0.01	 nd	 0.03	 nd	 nd	 0.03	 0.06	
Nd	(ppm)	 0.45	 0.40	 0.35	 0.48	 0.36	 0.37	 0.47	 0.62	
Sm	(ppm)	 0.07	 0.05	 0.04	 0.07	 0.04	 0.05	 0.19	 0.10	
Gd	(ppm)	 nd	 nd	 nd	 nd	 nd	 nd	 nd	 nd	
Yb	(ppm)	 0.02	 0.01	 0.01	 0.02	 0.01	 0.01	 0.01	 0.04	
Ta	(ppm)	 0.03	 0.01	 0.01	 0.01	 0.01	 0.01	 0.01	 0.02	
Tl	(ppm)	 nd	 nd	 nd	 nd	 nd	 nd	 nd	 nd	
Pb	(ppm)	 1.40	 nd	 nd	 nd	 nd	 nd	 0.06	 0.72	
Th	(ppm)	 0.04	 0.02	 0.02	 0.03	 0.02	 0.03	 0.08	 0.05	
U	(ppm)	 0.03	 0.01	 0.01	 0.01	 0.01	 0.01	 0.02	 0.03	
LOI	(wt	%)	 15.86	 17.23	 nd	 16.20	 15.87	 15.55	 15.86	 15.15	
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 1H2	 1H4	 20F2	 26F1	 28G1	 29XCC	 30XCC	
40/41	 18/25	 13/17	 39/40	 0/5	 9/11	 1/3	
Sc	(ppm)	 1.76	 3.13	 7.84	 3.95	 nd	 2.41	 3.56	
V	(ppm)	 13.13	 26.28	 nd	 nd	 nd	 nd	 nd	
Cr	(ppm)	 9211	 7179	 30904	 17457	 nd	 20379	 14597	
Co	(ppm)	 55	 79	 111	 77	 nd	 104	 76	
Ni	(ppm)	 1642	 1772	 2417	 1680	 nd	 2615	 1724	
Cu	(ppm)	 5.04	 2.81	 4.19	 5.45	 nd	 nd	 5.31	
Zn	(ppm)	 29.37	 41.18	 44.21	 34.58	 nd	 141.80	 37.16	
As	(ppm)	 0.27	 0.24	 0.10	 0.14	 0.13	 0.24	 0.12	
Rb	(ppm)	 0.11	 0.08	 0.07	 0.12	 0.07	 0.07	 0.09	
Sr	(ppm)	 nd	 nd	 nd	 8	 nd	 nd	 nd	
Y	(ppm)	 nd	 nd	 nd	 nd	 nd	 nd	 nd	
Zr	(ppm)	 5.29	 5.24	 5.02	 5.56	 4.99	 4.92	 5.40	
Nb	(ppm)	 0.15	 0.07	 0.06	 0.12	 nd	 0.08	 0.11	
Sb	(ppm)	 nd	 nd	 nd	 nd	 nd	 nd	 nd	
Cs	(ppm)	 nd	 nd	 nd	 0.00	 nd	 nd	 nd	
Ba	(ppm)	 7	 7	 7	 12	 7	 7	 7	
La	(ppm)	 0.17	 0.14	 0.13	 0.19	 0.13	 0.14	 0.30	
Ce	(ppm)	 0.68	 0.62	 0.60	 0.74	 0.60	 0.62	 0.89	
Pr	(ppm)	 0.01	 nd	 nd	 0.02	 nd	 nd	 0.01	
Nd	(ppm)	 0.40	 0.36	 0.35	 0.43	 0.35	 0.37	 0.41	
Sm	(ppm)	 0.06	 0.04	 0.04	 0.07	 0.04	 0.05	 0.05	
Gd	(ppm)	 nd	 nd	 nd	 nd	 nd	 nd	 nd	
Yb	(ppm)	 0.01	 0.00	 0.02	 0.01	 0.00	 0.05	 0.01	
Ta	(ppm)	 0.68	 0.01	 0.01	 0.01	 nd	 0.01	 0.13	
Tl	(ppm)	 nd	 nd	 nd	 nd	 nd	 nd	 nd	
Pb	(ppm)	 nd	 nd	 nd	 nd	 nd	 4.83	 11.53	
Th	(ppm)	 0.02	 0.02	 0.02	 0.03	 0.02	 0.02	 0.02	
U	(ppm)	 0.02	 0.01	 0.01	 0.01	 0.01	 0.01	 0.01	
LOI	(wt	%)	 15.70	 16.44	 16.38	 16.36	 15.92	 15.43	 15.50	
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4F1	 7F3	
139/154	 120/150	
Sc	(ppm)	 nd	 4.58	
V	(ppm)	 nd	 29.5	
Cr	(ppm)	 nd	 nd	
Co	(ppm)	 nd	 nd	
Ni	(ppm)	 nd	 nd	
Cu	(ppm)	 nd	 nd	
Zn	(ppm)	 nd	 nd	
As	(ppm)	 0.14	 0.15	
Rb	(ppm)	 nd	 2.01	
Sr	(ppm)	 229	 16	
Y	(ppm)	 nd	 nd	
Zr	(ppm)	 nd	 nd	
Nb	(ppm)	 nd	 nd	
Sb	(ppm)	 0.11	 0.01	
Cs	(ppm)	 nd	 0.31	
Ba	(ppm)	 nd	 nd	
La	(ppm)	 nd	 nd	
Ce	(ppm)	 nd	 nd	
Pr	(ppm)	 nd	 nd	
Nd	(ppm)	 nd	 nd	
Sm	(ppm)	 nd	 0.40	
Gd	(ppm)	 nd	 nd	
Yb	(ppm)	 nd	 nd	
Ta	(ppm)	 nd	 nd	
Tl	(ppm)	 0.02	 0.01	
Pb	(ppm)	 nd	 nd	
Th	(ppm)	 nd	 0.01	
U	(ppm)	 nd	 nd	
LOI	(wt	%)	 nd	 nd	
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 2F3	 3F3	 4F4	 6F4	 10F3	
23/24	 49/51	 42/44	 39/47	 16/18	
Sc	(ppm)	 28.95	 21.58	 nd	 6.66	 24.88	
V	(ppm)	 32.8	 33.5	 nd	 21.6	 36.6	
Cr	(ppm)	 nd	 nd	 nd	 nd	 nd	
Co	(ppm)	 nd	 nd	 nd	 nd	 nd	
Ni	(ppm)	 nd	 nd	 nd	 nd	 nd	
Cu	(ppm)	 nd	 nd	 nd	 nd	 nd	
Zn	(ppm)	 nd	 nd	 nd	 nd	 nd	
As	(ppm)	 0.10	 0.18	 1.12	 0.13	 0.12	
Rb	(ppm)	 1.82	 26.23	 nd	 1.67	 22.25	
Sr	(ppm)	 52	 646	 nd	 14	 553	
Y	(ppm)	 nd	 nd	 nd	 nd	 nd	
Zr	(ppm)	 nd	 nd	 nd	 nd	 nd	
Nb	(ppm)	 nd	 nd	 nd	 nd	 nd	
Sb	(ppm)	 nd	 0.02	 nd	 0.41	 nd	
Cs	(ppm)	 0.24	 0.22	 nd	 0.31	 0.25	
Ba	(ppm)	 nd	 nd	 nd	 nd	 nd	
La	(ppm)	 0.01	 0.02	 nd	 nd	 nd	
Ce	(ppm)	 0.27	 0.28	 nd	 nd	 0.24	
Pr	(ppm)	 0.05	 0.06	 nd	 nd	 0.05	
Nd	(ppm)	 0.19	 0.20	 nd	 nd	 0.17	
Sm	(ppm)	 0.14	 0.14	 nd	 0.40	 0.14	
Gd	(ppm)	 nd	 nd	 nd	 nd	 nd	
Yb	(ppm)	 0.01	 0.02	 nd	 nd	 0.01	
Ta	(ppm)	 nd	 nd	 nd	 nd	 nd	
Tl	(ppm)	 nd	 0.01	 nd	 0.00	 0.00	
Pb	(ppm)	 nd	 0.16	 nd	 nd	 nd	
Th	(ppm)	 0.01	 0.01	 nd	 0.01	 0.01	
U	(ppm)	 nd	 nd	 nd	 nd	 nd	
LOI	(wt	%)	 nd	 nd	 nd	 nd	 nd	
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 15F1	 20FCC	 26F1	 26F2	 27F2	
 77/78	 5/6	 129/149	 13/15	 71/72	
Sc	(ppm)	 6.26	 3.63	 nd	 19.75	 6.32	
V	(ppm)	 34.5	 8.3	 nd	 33.2	 38.1	
Cr	(ppm)	 nd	 9585	 nd	 nd	 nd	
Co	(ppm)	 nd	 90	 nd	 nd	 nd	
Ni	(ppm)	 nd	 2029	 nd	 nd	 nd	
Cu	(ppm)	 nd	 4.62	 nd	 nd	 nd	
Zn	(ppm)	 nd	 43.05	 nd	 nd	 nd	
As	(ppm)	 0.18	 0.14	 0.16	 0.14	 0.15	
Rb	(ppm)	 2.40	 nd	 nd	 1.84	 2.45	
Sr	(ppm)	 7	 nd	 73	 54	 20	
Y	(ppm)	 nd	 nd	 nd	 nd	 nd	
Zr	(ppm)	 nd	 nd	 nd	 nd	 nd	
Nb	(ppm)	 nd	 0.06	 nd	 nd	 nd	
Sb	(ppm)	 0.03	 nd	 0.10	 nd	 0.01	
Cs	(ppm)	 0.25	 nd	 nd	 0.21	 nd	
Ba	(ppm)	 nd	 nd	 nd	 nd	 nd	
La	(ppm)	 nd	 nd	 nd	 0.02	 nd	
Ce	(ppm)	 0.27	 nd	 nd	 0.29	 0.34	
Pr	(ppm)	 nd	 nd	 nd	 0.05	 nd	
Nd	(ppm)	 0.28	 nd	 nd	 0.20	 0.44	
Sm	(ppm)	 nd	 nd	 nd	 0.15	 nd	
Gd	(ppm)	 nd	 nd	 nd	 nd	 nd	
Yb	(ppm)	 0.01	 nd	 nd	 0.02	 0.01	
Ta	(ppm)	 nd	 0.01	 nd	 nd	 nd	
Tl	(ppm)	 0.02	 nd	 0.02	 nd	 0.03	
Pb	(ppm)	 0.01	 nd	 nd	 nd	 nd	
Th	(ppm)	 nd	 nd	 nd	 0.01	 0.01	
U	(ppm)	 nd	 nd	 nd	 nd	 nd	
LOI	(wt	%)	 nd	 nd	 nd	 nd	 nd	
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 10GCC	 11XCC	 2F4	 3F5	 3F5	 4F1	 6F2	 6F2	
23/26	 15/18	 8/10	 57/59	 99/100	 74/76	 57/60	 58/60	
Sc	(ppm)	 nd	 9.37	 nd	 nd	 24.25	 1.56	 18.35	 13.49	
V	(ppm)	 nd	 42.02	 nd	 nd	 358	 nd	 41	 nd	
Cr	(ppm)	 nd	 nd	 nd	 nd	 687	 15561	 5538	 33288	
Co	(ppm)	 nd	 nd	 nd	 nd	 38	 58	 154	 137	
Ni	(ppm)	 nd	 nd	 nd	 nd	 61	 1653	 3889	 3267	
Cu	(ppm)	 nd	 nd	 nd	 nd	 110	 8	 8	 16	
Zn	(ppm)	 nd	 nd	 nd	 nd	 112	 35	 55	 53	
As	(ppm)	 1.45	 0.80	 0.49	 0.39	 0.79	 0.86	 0.18	 0.68	
Rb	(ppm)	 nd	 1.93	 nd	 nd	 0.08	 0.38	 0.49	 0.66	
Sr	(ppm)	 279	 54.20	 10.49	 39.28	 nd	 nd	 3.05	 nd	
Y	(ppm)	 nd	 nd	 nd	 nd	 31.94	 0.56	 nd	 1.23	
Zr	(ppm)	 nd	 nd	 nd	 nd	 343	 8.68	 5.73	 11.75	
Nb	(ppm)	 nd	 nd	 nd	 nd	 56.23	 0.33	 4.92	 0.48	
Sb	(ppm)	 0.11	 0.00	 0.11	 0.11	 nd	 nd	 nd	 nd	
Cs	(ppm)	 nd	 0.33	 nd	 nd	 nd	 nd	 nd	 nd	
Ba	(ppm)	 nd	 nd	 nd	 nd	 15.01	 7.36	 7.44	 11.76	
La	(ppm)	 nd	 4.09	 nd	 nd	 47.30	 0.51	 0.15	 0.46	
Ce	(ppm)	 nd	 6.80	 nd	 nd	 102	 1.34	 0.64	 1.38	
Pr	(ppm)	 nd	 1.32	 nd	 nd	 13.07	 0.10	 0.00	 0.13	
Nd	(ppm)	 nd	 5.29	 nd	 nd	 49.76	 0.76	 0.37	 0.92	
Sm	(ppm)	 nd	 1.62	 nd	 nd	 9.76	 0.14	 0.04	 0.21	
Gd	(ppm)	 nd	 nd	 nd	 nd	 nd	 nd	 nd	 nd	
Yb	(ppm)	 nd	 0.98	 nd	 nd	 2.40	 0.11	 nd	 0.15	
Ta	(ppm)	 nd	 nd	 nd	 nd	 3.41	 0.35	 0.08	 0.03	
Tl	(ppm)	 0.04	 0.06	 0.02	 0.02	 nd	 nd	 nd	 nd	
Pb	(ppm)	 nd	 3.85	 nd	 nd	 nd	 1.76	 nd	 0.04	
Th	(ppm)	 nd	 0.42	 nd	 nd	 5.95	 0.08	 0.04	 0.06	
U	(ppm)	 nd	 0.13	 nd	 nd	 1.29	 0.06	 0.01	 0.03	
LOI	(wt	%)	 7.78	 nd	 9.10	 9.40	 nd	 12.14	 16.58	 14.92	
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 6F5	
63/65	
8F1	
23/26	
10F1	
34/40	
10F1	
41/49	
6F1	
137/152	
Sc	(ppm)	 1.13	 2.24	 0.56	 nd	 4.29	
V	(ppm)	 7.28	 nd	 nd	 nd	 29.56	
Cr	(ppm)	 8747	 27952	 23084	 11568	 nd	
Co	(ppm)	 73	 72	 67	 76	 nd	
Ni	(ppm)	 1693	 1871	 1597	 2173	 nd	
Cu	(ppm)	 5	 11	 3	 230	 nd	
Zn	(ppm)	 37	 40	 42	 38	 nd	
As	(ppm)	 0.17	 0.22	 0.18	 0.17	 0.29	
Rb	(ppm)	 0.40	 0.55	 0.66	 0.23	 3.37	
Sr	(ppm)	 nd	 nd	 nd	 nd	 14.06	
Y	(ppm)	 nd	 0.08	 nd	 nd	 nd	
Zr	(ppm)	 5.08	 6.89	 5.06	 5.01	 nd	
Nb	(ppm)	 0.07	 0.83	 0.07	 0.08	 nd	
Sb	(ppm)	 nd	 nd	 nd	 nd	 0.13	
Cs	(ppm)	 0.28	 0.29	 0.29	 0.29	 0.30	
Ba	(ppm)	 8.00	 8.07	 8.95	 7.42	 nd	
La	(ppm)	 0.13	 0.22	 0.14	 0.13	 nd	
Ce	(ppm)	 0.61	 0.78	 0.63	 0.61	 0.31	
Pr	(ppm)	 nd	 0.02	 nd	 nd	 nd	
Nd	(ppm)	 0.35	 0.41	 0.35	 0.35	 0.31	
Sm	(ppm)	 0.04	 0.05	 0.05	 0.04	 nd	
Gd	(ppm)	 nd	 nd	 nd	 nd	 nd	
Yb	(ppm)	 nd	 0.05	 0.00	 nd	 0.41	
Ta	(ppm)	 0.01	 4.04	 0.02	 0.01	 nd	
Tl	(ppm)	 nd	 nd	 nd	 nd	 0.00	
Pb	(ppm)	 nd	 nd	 nd	 nd	 nd	
Th	(ppm)	 0.02	 0.06	 0.02	 0.02	 0.01	
U	(ppm)	 0.01	 0.04	 0.01	 0.01	 nd	
LOI	(wt	%)	 16.04	 15.61	 15.92	 16.47	 nd	
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 2F1	 3F5	 6F3	
17/23	 50/56	 32/34	
Sc	(ppm)	 46.06	 6.82	 6.54	
V	(ppm)	 35.17	 44.80	 40.85	
Cr	(ppm)	 nd	 nd	 nd	
Co	(ppm)	 nd	 nd	 nd	
Ni	(ppm)	 nd	 nd	 nd	
Cu	(ppm)	 nd	 nd	 nd	
Zn	(ppm)	 nd	 nd	 nd	
As	(ppm)	 0.45	 0.14	 0.24	
Rb	(ppm)	 0.20	 1.88	 1.60	
Sr	(ppm)	 12.07	 14.82	 13.15	
Y	(ppm)	 nd	 0.57	 nd	
Zr	(ppm)	 nd	 nd	 nd	
Nb	(ppm)	 nd	 nd	 nd	
Sb	(ppm)	 0.02	 nd	 0.41	
Cs	(ppm)	 0.24	 0.28	 1.02	
Ba	(ppm)	 nd	 nd	 nd	
La	(ppm)	 0.39	 nd	 nd	
Ce	(ppm)	 1.02	 0.25	 0.25	
Pr	(ppm)	 0.17	 nd	 0.41	
Nd	(ppm)	 0.77	 0.28	 0.27	
Sm	(ppm)	 0.30	 nd	 0.47	
Gd	(ppm)	 nd	 nd	 nd	
Yb	(ppm)	 0.08	 0.03	 nd	
Ta	(ppm)	 nd	 nd	 nd	
Tl	(ppm)	 0.01	 0.04	 0.00	
Pb	(ppm)	 nd	 nd	 nd	
Th	(ppm)	 0.12	 nd	 0.01	
U	(ppm)	 0.04	 nd	 nd	
LOI	(wt	%)	 nd	 nd	 nd	
32  
Table 4 – (Continued) 
 
 
 12G4	
28/34	
13G2	
60/62	
5R1	
4/5	
5R1	
5/7	
Sc	(ppm)	 nd	 nd	 nd	 2.30	
V	(ppm)	 nd	 nd	 nd	 nd	
Cr	(ppm)	 nd	 nd	 nd	 21917	
Co	(ppm)	 nd	 nd	 nd	 63.38	
Ni	(ppm)	 nd	 nd	 nd	 1553	
Cu	(ppm)	 nd	 nd	 nd	 3.70	
Zn	(ppm)	 nd	 nd	 nd	 34.73	
As	(ppm)	 1.18	 0.14	 0.12	 0.24	
Rb	(ppm)	 nd	 nd	 nd	 1.14	
Sr	(ppm)	 33	 203	 45	 nd	
Y	(ppm)	 nd	 nd	 nd	 nd	
Zr	(ppm)	 nd	 nd	 nd	 5.07	
Nb	(ppm)	 nd	 nd	 nd	 0.11	
Sb	(ppm)	 0.16	 0.13	 0.10	 nd	
Cs	(ppm)	 nd	 0.02	 nd	 0.48	
Ba	(ppm)	 nd	 nd	 nd	 7.40	
La	(ppm)	 nd	 0.06	 nd	 0.14	
Ce	(ppm)	 nd	 nd	 nd	 0.61	
Pr	(ppm)	 nd	 0.07	 nd	 nd	
Nd	(ppm)	 nd	 0.11	 nd	 0.36	
Sm	(ppm)	 nd	 0.11	 nd	 0.04	
Gd	(ppm)	 nd	 nd	 nd	 nd	
Yb	(ppm)	 nd	 nd	 nd	 0.01	
Ta	(ppm)	 nd	 nd	 nd	 0.09	
Tl	(ppm)	 0.02	 0.02	 0.02	 nd	
Pb	(ppm)	 nd	 nd	 nd	 nd	
Th	(ppm)	 nd	 nd	 nd	 0.02	
U	(ppm)	 nd	 nd	 nd	 0.01	
LOI	(wt	%)	 19.36	 nd	 10.57	 nd	
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 10F2	 10F2	 10F2	 10F2	 10F2	 8XCC	 8XCC	 8XCC	
0/5	 13/21	 17/20	 35/38	 8-May	 38/39	 0/4	 30/31	
Sc	(ppm)	 9.59	 6.76	 10.55	 14.12	 9.25	 7.36	 12.20	 0.58	
V	(ppm)	 167	 127	 168	 195	 142	 124	 220	 81	
Cr	(ppm)	 nd	 430	 64	 88	 392	 nd	 208	 nd	
Co	(ppm)	 14	 16	 15	 19	 15	 10	 15	 nd	
Ni	(ppm)	 nd	 26	 nd	 nd	 14	 7	 18	 nd	
Cu	(ppm)	 28	 28	 25	 28	 26	 18	 30	 7	
Zn	(ppm)	 75	 92	 62	 80	 85	 59	 73	 25	
As	(ppm)	 2.76	 2.06	 2.22	 0.55	 2.00	 1.03	 2.99	 1.65	
Rb	(ppm)	 78.08	 71.55	 79.93	 49.43	 53.95	 74.47	 36.48	 6.92	
Sr	(ppm)	 39.5	 54.7	 20.7	 57.6	 60.9	 7.3	 101.7	 1381	
Y	(ppm)	 18.0	 18.8	 21.8	 23.2	 16.5	 16.4	 25.1	 8.7	
Zr	(ppm)	 200.0	 151.3	 143.6	 156.6	 128.2	 146.7	 132.8	 11.7	
Nb	(ppm)	 70.87	 19.67	 25.55	 34.23	 16.32	 18.63	 15.00	 0.94	
Sb	(ppm)	 nd	 nd	 nd	 nd	 nd	 nd	 nd	 nd	
Cs	(ppm)	 3.65	 3.09	 3.54	 1.27	 2.34	 3.47	 2.05	 0.26	
Ba	(ppm)	 24.56	 36.23	 39.89	 32.52	 34.99	 26.91	 32.62	 26.52	
La	(ppm)	 50.97	 15.87	 24.87	 27.71	 15.27	 15.89	 20.40	 5.81	
Ce	(ppm)	 109.0	 36.96	 54.56	 61.52	 34.67	 35.84	 40.52	 4.94	
Pr	(ppm)	 13.56	 4.78	 7.14	 8.08	 4.31	 4.91	 5.61	 1.67	
Nd	(ppm)	 49.51	 19.01	 28.56	 31.88	 17.19	 19.90	 23.54	 6.99	
Sm	(ppm)	 8.88	 4.44	 6.42	 7.13	 4.03	 4.62	 5.76	 1.46	
Gd	(ppm)	 1.05	 0.62	 1.59	 1.22	 0.45	 0.61	 2.64	 nd	
Yb	(ppm)	 1.56	 2.45	 2.32	 2.43	 2.20	 2.07	 2.71	 0.90	
Ta	(ppm)	 5.57	 1.67	 2.15	 2.75	 1.61	 1.79	 1.29	 0.07	
Tl	(ppm)	 nd	 nd	 nd	 nd	 nd	 nd	 nd	 nd	
Pb	(ppm)	 4.95	 0.66	 2.23	 3.74	 0.65	 0.46	 0.86	 0.83	
Th	(ppm)	 5.16	 2.35	 2.11	 2.56	 1.88	 1.96	 1.24	 0.53	
U	(ppm)	 1.88	 0.66	 0.77	 0.98	 0.58	 0.76	 0.52	 0.17	
LOI	(wt	%)	 4.38	 5.70	 5.12	 7.10	 4.93	 4.49	 5.16	 39.89	
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 8XCC	 8XCC	
30/32	 8/13	
Sc	(ppm)	 7.92	 11.17	
V	(ppm)	 141	 159	
Cr	(ppm)	 86	 262	
Co	(ppm)	 11	 19	
Ni	(ppm)	 14	 32	
Cu	(ppm)	 24	 22	
Zn	(ppm)	 61	 88	
As	(ppm)	 1.13	 2.85	
Rb	(ppm)	 71.63	 55.14	
Sr	(ppm)	 32.4	 55.0	
Y	(ppm)	 20.0	 20.1	
Zr	(ppm)	 159.3	 144.4	
Nb	(ppm)	 20.34	 13.12	
Sb	(ppm)	 nd	 nd	
Cs	(ppm)	 3.50	 3.20	
Ba	(ppm)	 29.08	 32.62	
La	(ppm)	 19.29	 15.38	
Ce	(ppm)	 42.26	 34.38	
Pr	(ppm)	 5.65	 4.68	
Nd	(ppm)	 22.74	 19.79	
Sm	(ppm)	 5.25	 4.96	
Gd	(ppm)	 1.06	 2.63	
Yb	(ppm)	 2.44	 2.42	
Ta	(ppm)	 1.80	 1.14	
Tl	(ppm)	 nd	 nd	
Pb	(ppm)	 0.58	 0.53	
Th	(ppm)	 2.13	 1.27	
U	(ppm)	 0.76	 0.54	
LOI	(wt	%)	 4.86	 5.11	
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 3F2W	 1F1W	 3GCC	 4XCC	 5F3	 5F3	
28/30	 30/31	 10/11	 14/17	 24/25	 67/69	
Sc	(ppm)	 71.12	 3.63	 54.04	 56.58	 59.13	 60.03	
V	(ppm)	 44.20	 18.80	 33.23	 39.04	 42.65	 40.72	
Cr	(ppm)	 nd	 10369	 nd	 nd	 nd	 nd	
Co	(ppm)	 nd	 69.46	 nd	 nd	 nd	 nd	
Ni	(ppm)	 nd	 1465	 nd	 nd	 nd	 nd	
Cu	(ppm)	 nd	 8.29	 nd	 nd	 nd	 nd	
Zn	(ppm)	 nd	 38.06	 nd	 nd	 nd	 nd	
As	(ppm)	 0.38	 0.06	 0.18	 0.25	 0.15	 0.14	
Rb	(ppm)	 nd	 0.34	 nd	 0.09	 0.16	 0.11	
Sr	(ppm)	 7.36	 1113	 5.98	 11.09	 12.38	 11.74	
Y	(ppm)	 nd	 1.73	 nd	 nd	 nd	 nd	
Zr	(ppm)	 nd	 11.74	 nd	 nd	 nd	 nd	
Nb	(ppm)	 nd	 0.79	 nd	 nd	 nd	 nd	
Sb	(ppm)	 0.01	 0.05	 0.02	 nd	 nd	 nd	
Cs	(ppm)	 nd	 0.01	 0.07	 0.05	 0.09	 0.14	
Ba	(ppm)	 nd	 13.42	 nd	 nd	 nd	 nd	
La	(ppm)	 0.00	 1.08	 0.01	 nd	 nd	 nd	
Ce	(ppm)	 0.24	 2.44	 0.25	 0.23	 0.23	 0.24	
Pr	(ppm)	 0.05	 0.29	 0.05	 0.05	 0.04	 0.04	
Nd	(ppm)	 0.16	 1.57	 0.17	 0.16	 0.16	 0.17	
Sm	(ppm)	 0.14	 0.35	 0.13	 nd	 0.14	 0.14	
Gd	(ppm)	 nd	 nd	 nd	 nd	 nd	 nd	
Yb	(ppm)	 0.01	 0.17	 0.01	 0.03	 0.03	 0.03	
Ta	(ppm)	 nd	 0.05	 nd	 nd	 nd	 nd	
Tl	(ppm)	 0.02	 0.04	 0.02	 0.00	 0.03	 0.00	
Pb	(ppm)	 nd	 0.03	 nd	 nd	 nd	 nd	
Th	(ppm)	 0.01	 0.15	 0.01	 0.01	 0.01	 0.01	
U	(ppm)	 nd	 0.61	 nd	 nd	 nd	 nd	
LOI	(wt	%)	 nd	 18.54	 16.26	 16.37	 14.61	 18.86	
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6F1	
65/66	
Sc	(ppm)	 50.70	
V	(ppm)	 37.14	
Cr	(ppm)	 nd	
Co	(ppm)	 nd	
Ni	(ppm)	 nd	
Cu	(ppm)	 nd	
Zn	(ppm)	 nd	
As	(ppm)	 0.16	
Rb	(ppm)	 0.62	
Sr	(ppm)	 23.73	
Y	(ppm)	 nd	
Zr	(ppm)	 nd	
Nb	(ppm)	 nd	
Sb	(ppm)	 nd	
Cs	(ppm)	 0.14	
Ba	(ppm)	 nd	
La	(ppm)	 0.67	
Ce	(ppm)	 1.63	
Pr	(ppm)	 0.25	
Nd	(ppm)	 1.02	
Sm	(ppm)	 0.37	
Gd	(ppm)	 	nd	
Yb	(ppm)	 0.12	
Ta	(ppm)	 	nd	
Tl	(ppm)	 0.02	
Pb	(ppm)	 0.44	
Th	(ppm)	 0.09	
U	(ppm)	 0.02	
LOI	(wt	%)	 nd	
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Figure 4a – Al2O3 vs. MgO (from Savov et al., 2007). 
 
 
 
Figure 4b – CaO vs. MgO (from Savov et al., 2007). 
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Figure 5a – As abundances with respect to depth below seafloor. The blue field represents seawater, the orange field 
represents deep-sourced porefluids. 
 
 
 
Figure 5b – Cs abundances with respect to depth below seafloor. 
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Figure 5c – Rb abundances with respect to depth below seafloor. 
 
 
 
Figure 5d – Sb abundances with respect to depth below seafloor. 
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Figure 5e – Tl abundances with respect to depth below seafloor. 
 
 
 
Figure 5f – Pb abundances with respect to depth below seafloor. 
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Figure 5g – Sr abundances of clasts with respect to depth below seafloor. 
 
 
 
Figure 6a – As abundances with respect to depth-to-plate. 
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Figure 6b – Cs abundances with respect to depth-to-plate. 
 
 
 
Figure 6c – Rb abundances with respect to depth-to-plate. 
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Figure 6d – Sb abundances with respect to depth-to-plate. 
 
 
 
Figure 6e – Tl abundances with respect to depth-to-plate. 
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Figure 6f – Pb abundances with respect to depth-to-plate. 
 
 
 
Figure 6g– Sr abundances with respect to depth-to-plate. 
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shallow samples (<50 mbsf), but <0.3 ppm for most samples below 50 mbsf. Cs abundances 
showed somewhat similar trends to As, with higher concentrations (0.4 – 1 ppm) in the upper 
~50 mbsf which decreased with increasing depth. Rb concentrations displayed a similar pattern 
of relative enrichment as As and Cs in shallow samples, generally decreasing at greater depths. 
Whereas Sb concentrations generally mimic the behavior of As, Cs, and Rb, showing 
significant enrichment in the upper 50 mbsf, no discernable trends are evident in the Sb data 
from below 50 mbsf. Typical values were 0.1 ppm or less below 50 mbsf. 
In contrast, Tl concentrations are only slightly higher in the upper 50 mbsf, and 
concentrations were generally consistent with increasing depth. Values were typically less than 1 
ppm, with the exception of one sample from Yinazao. Pb concentrations show similar shallow 
enrichment patterns to As, Cs, and Sb, with values up to approximately 8 ppm in the upper 50 
mbsf and values up to ~2 ppm below 50 mbsf. Sr levels display enrichment in samples analyzed 
from Yinazao Seamount within 50 mbsf (up to 2000 ppm), while below 50 mbsf Sr 
concentrations are generally below 250 ppm. 
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Discussion 
Seawater interactions versus deep-sourced porefluids 
The fluid-mobile elements examined in this study generally show increased 
concentrations near the seafloor, probably due to interaction with seawater. The enrichment of 
fluid-mobile elements in the shallow samples is likely due to the active mixing of seawater with 
upwelling porefluids from within the seamounts. Below the zone of seawater interaction, the 
recovered serpentinites are in association with distinctive, high pH porefluids, which are a 
product of the serpentinization reactions (Mottl, 1992; Mottl et al., 2003). A comparison of fluid- 
mobile element concentrations for deep-sourced fluids versus seawater is given in Table 5. 
FME abundances in these deeper serpentinites reach a stable range of values, and are 
inferred to be in equilibrium with these upwelling fluids. Hulme et al. (2010) reported values for 
Cs, Rb, and Sr for Yinazao, Asùt Tesoru, Conical, and S. Chamorro Seamounts, based on box 
core porefluids and sampling near active fluid vents and seeps. They reported low levels of Cs in 
the pore fluids collected from Yinazao (~log 4 nmol/kg) and high levels of Cs in pore fluids from 
Asùt Tesoru, S. Chamorro, and Conical (~100 nmol/kg, ~80 nmol/kg, and up to 80 nmol/kg, 
respectively); however, their data was limited to fluids recovered from depths of approximately 
20 mbsf. 
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Table 5 – Fluid-mobile element concentrations in seawater and porefluids for respective seamounts. 
 
As	(nmol/kg)	Cs	(nmol/kg)Rb	(μmol/kg)	
Seawater	
Yinazao	
2.30E-08	
nd	
2.20E-09	
2.2	
1.40E-06	
0.29	
Fantangisna	 nd	 7.7	 1	
Asut	Tesoru	 nd	 160	 6.6	
S.	Chamorro	 nd	 53.5	 10	
Conical	 nd	 61.6	 7.8	
	
Sb	(μmol/kg)	Tl	(μmol/kg)	Pb	(μmol/kg)	Sr	(μmol/kg)	
Seawater	 1.20E-09	 6.00E-11	 1.00E-11	 9.00E-05	
Yinazao	 nd	 nd	 nd	 750	
Fantangisna	 nd	 nd	 nd	 630	
Asut	Tesoru	 nd	 nd	 nd	 13	
S.	Chamorro	 nd	 nd	 nd	 10	
Conical	 nd	 nd	 nd	 20	
	
	
Hulme et al. (2010) also reported low levels of Rb in the pore fluids collected from 
Yinazao Seamount (~0.5 umol/kg) and higher levels in pore fluids from Asùt Tesoru, S. 
Chamorro, and Conical Seamounts (~7 umol/kg, ~3.5 umol/kg, and up to 5 umol/kg, 
respectively). Wheat et al., (2018) found Rb in “deep-sourced fluids” to be ~ 0.29 µmol/kg at 
Yinazao and <1 µmol/kg at Fantangisña Seamounts, while fluids from Asùt Tesoru Seamount 
were much higher in concentration (~6.6 µmol/kg). Values for fluids from S. Chamorro and 
Conical Seamounts were similar to Asùt Tesoru Seamount (~10 µmol/kg, and 7.8 µmol/kg, 
respectively). These patterns of enrichment of Cs and Rb at the deeper sourced seamounts mimic 
the enrichment observed in the muds and clasts recovered [Figure 7]. 
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Figure 7 – Rb versus Cs. Sediment values from Plank and Langmuir (1993) and porewater values from Wheat et al., 
(2018). 1492 porefluid circled in blue, 1496, 780, and 1200 porefluids circled in red. 
 
 
 
 
Hulme et al. (2010) reported high Sr contents in Yinazao porefluids (~805 µmol/kg) and 
lower levels in porefluids from Asùt Tesoru, S. Chamorro, and Conical Seamounts (~20 
µmol/kg, ~30 µmol/kg, and up to 100 µmol/kg, respectively). Wheat et al. (2018) reported Sr in 
Yinazao “deep-sourced fluids” at ~750 µmol/kg, while deep-sourced fluids from Asùt Tesoru, S. 
Chamorro, and Conical Seamounts were much lower (~13 µmol/kg, ~10 µmol/kg, and 20 
µmol/kg, respectively). 
The concentrations of As, Cs, and Rb in the recovered muds and clasts increase with 
increasing depth-to-slab, while the concentrations of Sr, and to a lesser extent Pb and Sb, in the 
recovered muds and clasts decrease between the shallower and deeper-sourced seamounts. The 
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porefluid values for Cs, Rb, Sr, and Pb, mimic the concentration trends in muds and clasts. The 
porefluid values are interpreted to represent the in-situ equilibrium state of the fluids interacting 
with the serpentinites at the décollement during shallow subduction. 
 
Clast-to-mud comparisons 
 
In the Mariana subduction system, fluids released from the subducting plate serpentinize 
the overlying depleted mantle wedge producing fluid-mobile element enrichments in the 
harzburgites and dunites. In contrast, the mud matrix in which the clasts reside is interpreted to 
represent a mixture of mafic and ultramafic sedimentary material reworked by the physical 
processes of subduction and exhumation. Therefore, fluid-mobile element abundances observed 
in the material recovered from the serpentinite mud volcanoes may be influenced by solubility 
during fluid-rock equilibration (i.e. clasts and muds possessing analogous abundances) and/or by 
the amount of reworked mafic material present (i.e. fluid-mobile element enrichment in muds 
versus clasts). 
 
Seamount-to-seamount comparisons 
 
Comparing fluid-mobile element abundances among the five Mariana forearc seamounts 
studied reveals remarkable patterns. The seamounts reflect depths to the subduction interface of 
13 km to 19 km, and inferred slab temperatures of <70°C to >250°C (Hulme et al., 2010). As 
such, changes in mean fluid-mobile element abundances may ultimately reflect changes in slab 
outflux, related to prograde metamorphic reactions on the downgoing plate and/or in the 
subduction channel (Mottl, 2003). 
Arsenic concentrations across the five Mariana forearc seamounts indicate a general trend 
of increasing concentration with increasing depth-to-slab; however, there is significant scatter in 
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measured abundances at each seamount. Concentrations of As in the “shallower sourced” 
seamounts (Yinazao and Fantangisña) average 0.3 ppm, while at the “deeper sourced” seamounts 
(Asùt Tesoru, S. Chamorro, and Conical), average concentrations were > 0.6 ppm. 
Concentrations from the shallower sourced seamounts average 0.1 ppm, while the average value 
at the deeper sourced seamount contained ~0.8 ppm, with significant scatter in values at each 
seamount. Rb concentrations are also higher on average at the deeper sourced seamounts 
(approximately 0.4 ppm), while samples from the deeper sourced seamounts average 0.7 ppm. 
Sb and Tl show limited concentration variation across all the seamounts. Sb 
concentrations range from 0.05 ppm to 0.06 ppm on average. Tl concentrations in the shallower 
sourced seamounts are ~0.02 ppm Tl, while the deeper seamounts are ~0.03 ppm. Maximum 
concentration levels for Tl are nearly identical across the seamounts. Concentrations of Sr, and to 
a lesser extent, Pb show an inverse pattern to As, Cs, and Rb. Samples from Yinazao Seamount 
contain the highest average Pb (~2 ppm), while the deeper seamounts average ~0.8 ppm. Sr 
levels also generally decrease with increasing depth-to-slab, with the shallow seamounts 
averaging ~145 ppm Sr, and the deeper seamounts averaging ~47 ppm. 
Differing depths-to-subducting slab are inferred to signify changes in the process regime 
(Mottl et al, 2003; Hulme et al., 2010). Changes in the process regime correspond with changes 
in P/TC° conditions (i.e. increasing depth-to-slab corresponds to increasing P/TC° conditions). At 
the relatively shallow seamounts (Yinazao and Fantangisña), processes include opal dehydration 
(opal-A to opal-CT) and diagenesis (Screaton et al., 2014). P/TC° conditions at these depths are 
not sufficient to cause the breakdown of subducted carbonates or clay minerals. 
Deeper into the subduction channel, Asùt Tesoru, S. Chamorro, and Conical Seamount 
samples appear to be influenced by the decomposition of clay minerals (smectite to illite) 
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(Screaton et al., 2014) and the breakdown of subducted carbonates (Fryer et al., 2017). At P/TC° 
conditions in the “deeper sourced” seamounts, carbonate material undergoes diagenetic 
alteration. This allows free carbon to be enriched in the porefluids, effectively sequestering Ca 
and Sr (and possibly Pb), and allows for the production of methane and ethane. 
 
Fluid-rock partition coefficients 
 
The fluid-rock partition coefficients, which reflect the tendencies for elements to remain 
in porefluids relative to serpentinite solids, can be estimated from our serpentinite data and 
published ODP Legs 125 and 195 and IODP Expedition 366 porefluid results. These estimates 
are based on the assumption that these fluids are in equilibrium with the serpentinite materials 
from which they have been extracted. Fluid-rock partition coefficients were calculated by 
determining the ratio of the concentration of fluid-mobile elements in the porefluids to the 
concentration of fluid-mobile elements in the associated clasts/muds. Fluid-mobile element 
concentrations in the porefluids were converted from nmol/kg and µmol/kg by converting the 
concentrations to molar mass and synchronizing units. Porefluid/serpentinite partition 
coefficients are quite variable for the fluid-mobile species in this study, likely due to the 
differences in P/TC° conditions at depths beneath the different seamounts. 
For As in porefluids and clasts, the data of Savov et al., (2007) indicate a partition 
coefficient at S. Chamorro Seamount of 0.075. Partition coefficients calculated using porefluid 
data collected on Exp. 366 (Fryer, et al., 2018; Wheat et al., 2018) and the clast and mud 
concentrations determined in this study indicate that partition coefficients for Cs generally 
increase from Yinazao and Fantangisña Seamounts (0.006 and 0.014 for clasts and 0.001 and 
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0.007 for muds, respectively) to Asùt Tesoru, S. Chamorro, and Conical Seamounts (0.07, 0.02 
and 9.3E-07, respectively) [Table 6]. 
Table 6 – Calculated fluid-rock partition coefficients. 
 
 
Cs	 Clasts	 Muds	
Yinazao	 0.006	 0.001	
Fantangisna	 0.014	 0.007	
Asut	Tesoru	 0.072	 0.054	
S.	Chamorro	 0.019	 0.131	
Conical	 0.000	 n/a	
 
 
Rb	 Clasts	 Muds	
Yinazao	 0.006	 0.003	
Fantangisna	 0.489	 0.489	
Asut	Tesoru	 0.645	 0.460	
S.	Chamorro	 1.059	 2.346	
Conical	 0.001	 n/a	
 
 
Sr	 Clasts	 Muds	
Yinazao	 0.231	 0.370	
Fantangisna	 0.285	 7.503	
Asut	Tesoru	 0.020	 0.021	
S.	Chamorro	 0.039	 0.006	
Conical	 0.004	 n/a	
 
 
 
Yinazao and Fantangisña clast and mud partition coefficients for Rb (0.006 and 0.49 for 
clasts and 0.003 and 0.49 for muds, respectively) are lower than partition coefficients at Asùt 
Tesoru, S. Chamorro, and Conical (0.645, 1.06, and 5E-4 for clasts and 0.46 and 2.3 for muds, 
respectively). Partition coefficients for Sr vary widely. At Yinazao and Fantangisña Seamounts, 
partition coefficients are calculated to be 0.23 and 0.29 for clasts and 0.37 and 7.50 for muds, 
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respectively, while values of samples from Asùt Tesoru, South Chamorro, and Conical 
Seamounts were 0.02, 0.39, and 0.003 for clasts and 0.02 and 0.006 for muds, respectively. 
The variability in partition coefficients from seamount to seamount may indicate a 
sensitivity to increased P/TC° conditions, causing Cs and Rb to become more soluble with 
increasing depth of subduction (i.e. higher P/TC° conditions). Sr partition coefficients are most 
likely controlled by the input and/or sequestration of free carbon in the system, which is 
documented to increase dramatically at the deeper-sourced seamounts (Wheat et al., 2018). The 
variability in FME concentrations may also be attributable, at least in part, to a change in regime 
from opal dehydration to clay breakdown. 
 
Fluid-mobile element co-variation patterns 
 
Regular systematics on element-element or element-ratio diagrams in our serpentinite 
data can indicate that elements are behaving similarly during shallow fluid-rock exchanges, and 
may highlight particular exchange reactions and/or mineral breakdowns on the slab. For 
example, Cs and Rb display a clear positive trend. This pattern in Cs and Rb variation does not 
only correlate with increasing depth-to-slab, but also trends toward the porefluid values for these 
elements. Both elements increase with increasing depth-to-slab, indicating an increase in fluid- 
mobility with increasing P/TC° conditions. 
The serpentinite data trend extends toward the porefluid values reported by Wheat et al. 
(2018) from Asùt Tesoru, S. Chamorro, and Conical (and to a lesser extent, Fantangisña) 
Seamount; however, Yinazao porefluid values do not intersect the covariation trend, indicating a 
different fluid-mobile element variation regime. The data suggest two possibly distinct trends for 
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Yinazao and Fantangisña Seamounts versus Asùt Tesoru, Conical, and South Chamorro 
Seamounts; however, data from Fantangisña Seamount is limited. 
Figure 8a plots Ba/Th versus As/Sm for the serpentinites. These ratios are assumed to  
be essentially constant during melting and crystallization processes in igneous rocks. Th and Sm 
are incompatible in fluids, and Ba and As are fluid-mobile, and can thus be used in such rocks to 
indicate changes in source. In the serpentinites, these ratios should vary markedly as a function 
of fluid-rock exchanges, and should also record contributions of slab-derived mafic materials in 
the muds. 
 
 
 
Figure 8a – Ba/Th versus As/Sm. The red circle denotes deep-sourced clasts, the black circle contains mafic samples 
from the subducted seamounts, and open circles represent muds. 
 
 
Samples from Yinazao (shallow-sourced) fall in the field between the mafic clasts and the 
deep- sourced (Conical and S. Chamorro) samples with the muds but above the mixing curve, 
possibly indicating the different dehydration regime. Typically, these ratios plot in a pattern that 
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Increases with increasing depth-to-slab, indicating an increase in enrichment with increasing 
P/TC° conditions. 
In a plot of Pb/Sm versus As/Zr [Figure 8b], similar trends are evident. The Yinazao 
samples trend up and away from the porefluid array (denoted by the vertical blue line), possibly 
due to the sequestration of Pb into carbonates. Again, the muds fall in between the mafic samples 
and the ultramafic clasts. 
 
 
 
Figure 8b – Pb/Sm versus As/Zr. Blue arrow denotes trend for Yinazao, while red arrow denotes trend for deeper- 
sourced seamounts. 
 
 
In Figure 8c, Sr/Sm versus As/Nb, the evidence for two distinct serpentinite arrays is 
stronger. Yinazao samples do not follow the trend of the Asùt Tesoru/S. Chamorro/Conical 
samples, as Sr is also likely sequestered into the carbonates present. The extraordinary 
enrichment of Sr in samples from Yinazao Seamount are likely due to, at least in part, to the 
breakdown of siliceous oozes in shallow-sourced subduction. 
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Figure 8c – Sr/Sm versus As/Nb. 
 
 
While porefluid data is not available for all of these elements, assumptions can be made 
regarding the behavior of the system. Ultramafic clasts are assumed to be altered by the release 
of water (with fluid-mobile elements) into the overlying mantle causing serpentinization of the 
clasts. This results in higher fluid-mobile elements abundances in the clasts compared to the 
muds. The muds, products of the reworking of ultramafic material during subduction, fall 
between the mafic samples and the ultramafic clasts. Thus, trends on these plots broadly reflect 
mixing of highly fluid-modified mantle (clasts) with entrained mafic materials (variably present 
in the serpentinite muds). 
Covariation of the fluid mobile elements is only directly observed between Cs and Rb. 
While the different FME groups behave similarly with increasing depth-to-plate during 
subduction, other processes affect their covariation patterns. Possible complications include 
changes in oxidation state (As3+, As5+, Sb3+, and Sb5+), sequestration into other phases (Pb and Sr 
into carbonates), and adsorption onto clays (Hattori and Guillot, 2003). 
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Comparisons to other serpentinite assemblages 
 
Comparisons of the Mariana forearc serpentinites with those from other localities reveals 
both similarities and differences in terms of their mobile element systematics. Arsenic levels 
varied widely in Catalina Schist serpentinites examined by Bebout et al., (1999) (0.2 ppm to 62 
ppm), while Cs levels ranged from 0.2 ppm to as high as 10 ppm. Sb was generally lower, but 
varied widely. Rb and Sr levels varied generally within similar ranges as the Exp. 366 samples. 
Tl and Pb were not included in this study. The authors report depletions in FME in the rocks that 
were exposed to lawsonite/albite up to amphibolite facies (>350° C and 9 to 12 kbar). Elevated 
As and Cs concentrations in these deposits are explained by the extensive intermixing of 
metasedimentary material (greywacke, chert, shale, carbonates, etc.) (Bebout et al., 1999). 
Straub and Layne (2003) characterized Alpine and Cuban serpentinites, finding Cs and 
Rb abundance levels of the same order as those found in Exp. 366 samples, while Pb and Sr 
abundances were much higher. Hattori and Guillot (2003) examined the Tso Morai serpentinites 
in the Himalayas, which were assumed to be similar in nature to the samples studied by Straub 
and Layne (2003) but at higher estimated P/TC° conditions (>600°C and 100 km depth). Hattori 
and Guillot (2003) found extreme enrichments in FME (up to 130 ppm As, 12 ppm Sb, 23 ppm 
Pb, 56 ppm Sr, etc.) and postulated that the higher trace element abundances were due to the 
interaction of these samples with Archean granitoids and clastic sediments. 
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The validity of comparisons of serpentinites 
 
While serpentinites typically retain their major element concentrations during hydration 
and serpentinization, different regimes of prograde and retrograde metamorphism in different 
tectonic and geologic associations impact their fluid-mobile element abundances. Alpine 
serpentinites typically exhibit exceptionally large enrichments in FME compared to abyssal, 
mantle wedge, and subduction zone-related serpentinites (Deschamps et al., 2013). 
Comparisons of Mariana forearc serpentinites with other serpentinite massifs, (i.e. 
abyssal serpentinites, mantle wedge serpentinites, alpine deposits, etc.) must be considered in the 
context of how variations in input and later-stage reactions can alter serpentinites. Serpentinites 
from the Marianas arc system not only incorporate material from the subducting Pacific Plate, its 
associated fluids, and the overlying mantle, but also subducted Pacific Seamounts, coral skeletal 
communities, and siliceous oozes. Metasomatism associated with prograde and retrograde 
metamorphism occurring during burial and uplift can alter serpentinites greatly with regards to 
fluid-mobile elements. The Mariana forearc samples are comparatively unaffected by these kinds 
of tectonic processes, as they directly sample the subduction zone interface and overlying mantle 
wedge via eruption, with only late stage seawater contamination as a concern. 
The systematics of Mariana forearc serpentinite FME concentrations provide insights into 
subduction systematics throughout the Mariana forearc system. Fluid-mobile element values for 
mantle, altered oceanic crust, fluids derived from the subducting slab, and seawater (Kelley et  
al., 2003) are insufficient to produce fluid-mobile element concentrations encountered in 
serpentinites collected during IODP Exp. 366 (Fryer et al., 2017). 
Fluid-mobile element concentrations indicate that the progressive dehydration of the 
subducting Pacific Plate contributes elements derived from several sources through multiple 
processes. Fluids begin to be driven from the down-going slab early in subduction (<70 °C, 
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depth-to-slab ~10 km). As the plate is subducted to deeper depths (10 – 15 km), opal dehydration 
and the conversion of smectite to illite cause enrichment in the overlying mantle in fluid-mobile 
elements, especially Sr, which is derived from the siliceous ooze (opal-A). 
As the plate reaches deeper below the overlying mantle, increased pressures and 
temperatures cause the clay minerals to breakdown, releasing additional fluid-mobile elements 
such as As, Cs, and Rb. Exotic materials such as coral colonies [see Figure 3] subducted with 
the Pacific Seamounts begin to breakdown at deeper depths providing free C and Ca. Aragonite, 
brucite, gypsum, and other minerals form as precipitates in the mud column sequestering Sr, and 
to a lesser extent, Pb. Serpentine muds that are not extruded in the mud volcanoes continue into 
the subduction channel recycling the material into the deeper mantle. 
Variations in fluid-mobile element concentrations in an individual sample may be 
attributable to a range of other issues, including the fluid-mobile element levels in the slab 
materials incorporated within the muds, variations in the local fluid/rock ratios among the clasts, 
and the abundances of secondary veining serpentine, which may be fluid-mobile element poor 
compared to early-formed serpentine minerals. Also, abundances of minor phases present such as 
gypsum, aragonite, brucite, etc., may fractionate mobile elements from one another (Fryer et al., 
2017; Savov et al., 2005a) affecting fluid-mobile element concentrations in the porefluids and 
associated samples. 
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Conclusions 
Variably serpentinized ultramafic muds and clasts from Mariana forearc serpentinite mud 
volcanoes contain similar bulk-rock compositions, but vary in concentrations of fluid-mobile 
elements from seamount to seamount with depth-to-subducting plate [Figure 9]. Seawater 
interactions impact samples recovered at shallower depths below seafloor, while in deeper 
samples, abundances appear to be controlled to a first order by the elemental signatures in 
upwelling serpentinizing porefluids. 
 
 
 
Figure 9 – Schematic depicting fluid-mobile element abundances at different depths-to-slab (modified from Fryer et 
al., 2016; Hulme et al., 2010). 
 
 
With reference to clast-to-mud comparisons, concentrations of the fluid-mobile elements 
in the muds were on average similar to those of clasts with the exception of those from S. 
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Chamorro Seamount, where mud concentrations were typically twice that of the clasts. As, Cs, 
and Rb abundances show general seamount-to-seamount increases with increasing depths-to- 
slab, while Sr, and to a lesser extent, Pb concentrations show an overall decrease. Sb and Tl 
concentrations seem relatively unchanged within the 13 km to 19 km depth-to-slab P/TC° 
conditions. 
Calculations of fluid-rock partition coefficients for Cs and Rb indicate increased 
solubility with increasing P/T° conditions, while the fluid-rock partition coefficient for Sr 
decreased. At Yinazao and Fantangisña Seamounts, fluid-rock partition coefficients for Cs and 
Rb were dramatically lower than at Asùt Tesoru, South Chamorro, and Conical Seamounts. 
Fluid-rock partition coefficients for Sr vary widely. At Yinazao and Fantangisña Seamounts, Sr 
fluid-rock partition coefficients are higher than values at Asùt Tesoru, South Chamorro, and 
Conical Seamounts. The concentrations of the porefluids mimic the concentrations in the 
samples collected. 
Comparisons of the Mariana seamount serpentinites and their entrained, slab-derived 
mafic clasts indicates that (1) releases of FME from the subducting plate enrich the relatively 
depleted overlying mantle wedge, (2) elements with an affinity to be fluid-mobile appear to be 
enriched in distinct patterns, with As, Cs, and Rb increasing and Sr and, to a lesser extent, Pb 
decreasing with increasing depth-to-slab, possibly indicating an enrichment source from the 
downgoing plate, (3) concentrations of FME in serpentinites vary with depth-to-subducting slab 
due to P/TC° conditions, and may be used as a tracer for dehydration of the subducting slab, (4) 
precipitation of minerals (aragonite, brucite, gypsum) strongly controls Ca, Mg, and S, 
respectively, and thus likely influence some FME concentrations when present, (5) pH changes 
with the introduction of seawater near the seafloor alter fluid-mobile element concentrations 
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deposited into shallow serpentine muds, altering the pore fluid signature found within the 
serpentinized muds, and 
(6) progressive dehydration of the slab with increasing P/TC° conditions occurs as a result of at 
least two separate diagenetic regimes, opal dehydration and the conversion of smectite to illite in 
shallow-sourced seamounts, and the breakdown of clays at deeper-sourced seamounts. 
Differences between suites of samples from the seamounts (specifically Yinazao and 
Fantangisña versus Asùt Tesoru, South Chamorro, and Conical) indicate changes in subduction- 
related chemical fractionation and diagenetic processes. At Yinazao and Fantangisña Seamounts, 
where P/TC° conditions are relatively low, dominant processes include diagenesis, opal 
dehydration, and sediment compaction. As the smectite-illite diagenesis occurs, significant 
amounts of water are released as hydrous clay is physically dewatered becoming micaceous clay. 
During opal dehydration, opal-A (siliceous ooze) is transformed to opal-CT (chert) releasing Sr. 
These reactions provide significant amounts of water and Sr to enrich shallow-sourced 
seamounts in Sr. 
At Asùt Tesoru, South Chamorro, and Conical Seamounts, decarbonation and the 
decomposition of clay minerals lead to fluid-mobile element mobility into fluids and ultimately 
into serpentine minerals (Fryer et al., 2017). Also, adsorption of fluid-mobile elements within  
the structures of serpentine clays in association with changes in pH may explain the variably 
elevated fluid-mobile element concentrations encountered near the seafloor. 
Given the location of the forearc serpentinite seamounts with relation to the Mariana arc, 
the increase in P/TC° conditions will continue with continued increasing depth-to-subduction. 
Therefore, if these fluid-rock partition coefficients extrapolate to higher P/TC° conditions, the 
concentrations of the fluid-mobile elements within the serpentinites that are not expelled to the 
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surface should continue to maintain equilibrium with the porefluids until conditions result in 
another regime change (i.e. antigorite phase, above 250°C). 
Additional research into the behavior of fluid-mobile elements within non-accretionary 
subduction settings will better identify the complex interactions between subducted oceanic 
crusts, entrained fluids, sediments, seawater, and the overlying depleted mantle wedge, and will 
increase the understanding of the recycled chemical budget into the deeper mantle. Samples from 
differing distances from the subducting trench will be analyzed to further constrain the role fluid- 
mobile elements play in the modification of the overlying mantle wedge. 
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